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CHAPTER I 
INTRODUCTION 
A vast number of solids show interesting phenomena at photon energies 
of 1-50 cm , which are typical energies for collective excitations in 
solids. For example, most superconductors have an energy gap which falls 
in this region; the lowest lying energy levels of magnetic impurities in 
insulating crystals also fall m this region; vibrations m crystals 
(phonons) have similar energies; spin waves can be excited with photons 
of this energy, etc. There is no common name for this part of the 
electromagnetic spectrum and the name used depends upon the techniques 
employed. If microwave techniques are used, the region is called the 
'millimetre and submillimetre range', and if one uses optical techniques 
the name commonly used is 'extreme far infrared'. 
For most spectroscopic experiments on solids, performed in this range, 
a monochrcmator or interferometer is used, and both of these employ a hot 
body as radiation source. From the microwave end, sources stop at ^ 4 cm ; 
however, since long the technique of harmonic generation has been used 
in atomic and molecular physics to produce radiation of a higher frequency. 
With this technique the power of a klystron, radiating at a frequency in 
the millimetre range, is fed into a nonlinear element, where the higher 
harmonics of the fundamental klystron frequency are generated. Surprising-
ly enough this technique has hardly ever been used in solid state physics. 
In chapter II we describe the construction of a source for the region of 
1-30 cm , using this technique of harmonic generation. The start of this 
project benefitted enormously from the generous help of the members of 
the group of atomic and molecular physics of professor A. Dymanus, from the 
physics department of this university where this technique had already 
been used for many years and accordingly a great expertise in the field 
had grown. Nevertheless we met many difficulties as we tried to fulfill 
the specific demands with respect to tuning ability, normally asked for 
in solid state spectroscopy. It turned out that the usefulness of this 
source is greatest if no continuous frequency tuning is required. A 
specific application to electron-spin-resonance at very high frequencies 
and magnetic fields is described in chapter IV. Since the start of this 
project there has been a tremendous increase in the number of available 
lasers for this spectral region. The adventages of our microwave source 
as compared with the lasers is its rather large frequency range and its 
higher stability, but the power level is generally lower. As compared 
with the monochromators and interferometers the advantages of this source 
are the higher resolution and the higher power level. However, with respect 
to the tuning this microwave source is definitely inferior. A very promising 
application of this source lies in the field of experiments where the use 
of pulsed radiation is of great value, due to the fact that the use of a 
suitable pulse generator is sufficient to produce pulsed radiation, simply 
by coupling the pulse generator to the harmonic generator. These consider-
ations define the field where this source can be used most advantageously. 
As a first step, we used this source to investigate the low lying 
2+ 
energy levels of the Cr -ion substituted in a MgO host lattice (chap. IV). 
The interest in the subject of the low lying energy levels of impurities 
in insulators goes back to about 1930. The problem was to find the energy 
levels of a paramagnetic ion embedded in a crystal, which turned out to 
be rather complicated. Most of the methods which started from first pnnci-
2 3 
pies were not so succesful ' , but a first breakthrough came when the 
crystal field theory was developed , largely through the work of Bethe 
and van Vleck, which triggered the most successive use of the methods 
2 
of group theory in solid state physics. In these early analyses, the sur-
rounding ions are pictured as unpolarizable point charges which are fixed 
in space. The electric field produced by the point charges at the paramag-
netic ion site can then easily be included in the Hamiltonian, describing 
the paramagnetic ion. Despite its oversimplification, this theory had great 
and many successes. In addition, in 1937 it appeared through the work of 
4 5 
Jahn and Teller and van Vleck that important consequences can arise from 
the non-rigidity of the environment. Inspired by remarks from Landau, Jahn 
4 
and Teller looked into the influence of the symmetry of the environment 
on degenerate electronic energy levels in molecules, and they found out 
that there is always a distortion possible which lifts the degeneracy 
and thereby lowers the energy. This effect is since called 'Jahn-Teller (JT) 
effect'. The only exceptions to this rule are linear molecules, and energy 
levels with a Kramers degeneracy. Soon hereafter, van Vleck showed that 
this theorem applies for paramagnetic ions in crystals as well. Surprismg-
ly, the JT-effect was not found experimentally until 1950 . The main 
reason for this late discovery is probably an incomplete understanding 
of the JT-effect. This led to the general belief that the JT-effect 
manifests itself only through the appearance of stable distorted configura-
7-9 
tions, and it lasted until 1957 before it was realized that the 
coupling between the nuclear displacements and the electronic motion would 
also lead to a new ground state where the electronic and nuclear coordi-
nates are intimately mixed. Although this so called vibróme ground state 
has the same degeneracy as the electronic ground state, one soon realized 
10-12 
that this has important consequences for the influence of a pertur-
bation acting on this ground state. Hereafter, the understanding of vibróme 
energy levels and vibróme states has greatly increased, and the interest 
has turned to the influence of the whole lattice spectrum on these energy 
3 
levels . It is still fair to say that at this moment an answer to the 
original question on the influence of the environment upon the energy 
levels, a question posed half a century ago, is still far from completed. 
Through the measurement of the energy levels, information can be 
obtained on the symmetry of the environment and on details of the nature 
2+ 
of the coupling. We have chosen the Cr -ion embedded in a MgO lattice 
2+ 
and investigated the energy levels of this system, as for these Cr -ions 
4 (d ) a strong ion-lattice (Jahn-Teller) interaction can be expected, while 
other interactions (as the spin-orbit interaction) have no effects in 
first order. The results are presented and discussed in chapter IV, while 
a summary of the theory applicable to this system is given in chapter III. 
A rather different subject is treated in chapter V, where measure-
ments on the electrodynamic response of thin superconducting mercury films 
are presented. Although some preliminary measurements were taken with 
the radiation source described above, we used mainly the more conventional 
far infrared techniques as these were more appropriate to measure the 
electrodynamic response in a broad spectral range. 
Superconductivity was discovered in 1911 by Kamerlingh Onnes , but 
it lasted till 1957 before a microscopic theory was found which explained 
most of the superconducting properties. This famous theory, known as the 
BCS theory,is based on the electron-phonon interaction. The original 
BCS-theory uses a largely simplified model for this electron-phonon 
interaction to show that this Interaction leads to a new ground state, 
18—22 
responsible for superconductivity. Later on more sophisticated models 
for this electron-phonon interaction were used, which led to deviations 
from the simple BCS theory. However, the main features kept their validity. 
One of these features is the existence of a gap in the excitation spectrum. 
23 
This energy gap can directly be seen in absorption measurements and 
is determined by the frequency ν (0) where the onset of absorption starts. 
The response of the superconductor to high frequency radiation is deter­
mined by the complex conductivity σ and shows interesting features around 
ν (0); σ can be directly calculated from the microscopic theory, and these 
g 
24 25 
calculations were performed by Mattis and Bardeen (MB), and Miller for 
the simple BCS superconductors and by Nam taking into account so called 
strong coupling effects. These effects turn up if one uses a more realistic 
model for the electron-phonon coupling and it is in the so-called strong 
coupling superconductors, as e.g. Hg and Pb, that the largest deviations 
from the simple BCS theory occur. Experimentally, the first clear prove 
23 
of the energy gap was given by Glover and Tinkham using spectroscopic 
measurements around the gap frequency. From this kind of experiments - which 
fall mainly in the extreme far infrared range of the spectrum - valuable 
27 information can be obtained about the superconducting properties . For 
instance, the real and complex part of σ can be obtained from the measure­
ment of absorption and transmission of a thin superconducting film, σ 
can be calculated from the microscopic theory, and involves quantities like 
2Θ 
the density of states, transition matrix elements and coherence effects 
Although the density of states can be obtained directly from tunneling 
29 
experiments , it is seen from the quantities involved in determining σ 
that far infrared spectroscopy can give much additional information about 
the properties of superconductors. This can be seen in the strong coupling 
2fi 
effects as calculated by Nam who shows that the complex part σ of σ = 
σ - ισ is,( for superconductors with a strong electron-phonon interaction) 
strongly reduced as compared with the value obtained by MB calculations. 
24 26 
However, both the MB calculation and the calculation by Nam result 
in a value of zero for the real part σ of σ below the gapfrequency ν (0) 
(in case of zero temperature), except for ω = 0, where σ. behaves like 
a δ-function. Because far infrared measurements of Hg have not been explored 
any further since the first measurements of this kind by Ginsberg, Richards 
and Tinkham, and because there were still important unsolved problems, (like 
the existence of collective modes with frequencies below the gap frequency) 
, we undertook this investigation. The measurements show the existence of 
the energy gap in Hg films most clearly. Further, evidence is found for the 
occurrence of strong coupling effects in Hg and the gapfrequency of ß-mercury 
is measured for the first time. 
Although both subjects treated in this thesis arise from two different 
fields of solid state physics, some similarities in the theories and 
physical situations behind the two subjects can be seen. First, both the 
theory of superconductivity and the theory of the Jahn-Teller effects in 
crystals got their solid foundation once the usual perturbation theory 
approach was abandoned. Later on it appeared that these more fundamental 
'starting' points were needed, because in both cases the wave functions 
had non-analytic properties at some points. Further the basic problems 
involved in both theories are the same : the coupling between electrons 
and lattice-ions, with the difference that in the case of Jahn-Teller 
effects in crystals the wave functions are localized, but in the case of 
superconductors the opposite is true. Finally, superconductivity can be 
pictured as a 'collective Jahn-Teller effect' and perhaps the approach 
of superconductivity along this line can contribute to a better under-
standing of both phenomena. 
This thesis is organized as follows : in chapter II the far infrared 
source is described and its usefulness is discussed. Chapter III summarizes 
2+ 
the theory applicable to the low energy levels of the Cr -ion embedded 
in a MgO host lattice. Chapter IV is concerned with the measurement of 
these energy levels, and the results are discussed in the light of the 
6 
theory summarized in chapter III. In chapter V the far infrared properties 
of thin Hg films are measured, together with some non-infrared properties. 
The results are analysed and discussed, and some rather important findings 
are obtained for freshly deposited Hg films. 
All these chapters (except chapter III) are written in the form of 
articles to be published. 
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CHAPTER II 
A SIMPLE TUNABLE SOURCE FOR MONOCHROMATIC SUBMILLIMETER 
RADIATION USING HARMONIC GENERATION 
ABSTRACT 
A description is given of a monochromatic radiation source which is 
completely tunable over its whole soectral range of 2 - 25 cm . The 
source consists of a harmonic generator of microwaves driven by 
klystrons and followed by a compact grating monochromator. Data obtained 
with this source are presented and discussed. The usefulness of such 
a system for solid state spectroscopy is demonstrated. 
In the last decade there has been a considerable effort to produce 
electromagnetic radiation between 1 cm and 25 cm (extreme far 
infrared, submillimeter wave region). Up to now a variety of sources 
have been successfully explored , but unfortunately non of these can 
be regarded as "the best system" for this region. The demands of a 
specific experiment determine at the moment which of the available 
sources is most appropriate. For certain specific experiments, a fre-
quency multiplication scheme starting with millimeter wave klystrons 
9 
Fig. 1 : Simple tunable far Infrared source consisting of a klystron, a 
harmonic generator and a grating monochromator. Also shown is 
the Fabry-Perot Interferometer used in the test procedure. 
10 
ίΜψβ $т* 
Fig. 2 : Cross sectional view of the harmonic generator 
.a 
1 gold bushing 
2,8 generator housing 
3 spring 
4 plunger backside 
5 plunger alignment tube 
6 wave guide-wall 
7 metal stuffing 
2 primary wave guide 
3 plunger frontside 
4 secondary wave guide 
5 whisker 
6 silicon crystal 
7 gold pen 
11 
gives considerable advantages compared with other excisting far-infrared 
sources. This type of far-infrared sources have been pioneered by 
Gordy , Burrus , Froome and Dymanus with his collaborators 
some time ago. Following these ideas, we present in this paper a simple 
harmonic generator for the region between 2 cm and 25 cm" . 
A schematic drawing of the experimental set up is given in Fig. 1. 
The radiation of a klystron is fed into a harmonic generator of the 
cross-waveguide type (see Fig. 2) of the same form as that described in 
ref. 5. The small monochromator, which follows the generator, merely 
serves as a filter for the unwanted harmonics. Depending on the harmonic 
which is chosen, an extra low-band pass filter can be used to prevent 
that higher harmonics leave the monochromator. In this way the harmonics 
can be nicely separated and the apparatus can be used as a monochromatic 
radiation sourse. The performance of the microwave-monochromator is 
obviously highly dependent on the characteristics of the harmonic 
generator. The nonlinear element, which is the most critical part of 
this generator has shown much improvement during the years. Mainly due 
to this the output power reached with our instrument (cf. Fig. 3) is 
much higher than that of earlier equipment ' . In our generator we 
use Boron doped Si crystals wherein phosphorous has been diffused in a 
thin layer on one side, resulting a in concentration at the surface of 
20 —3 (81 
10 cm . These crystals are mounted on a gold pen. To reduce the 
leak current at the "knee" (at -9 V) in the I-V characteristic, the 
crystal is etched in a diluted HFtHNO, solution. The crystal is then 
mounted in the smallest of the two wave-quides shown in Fig. 2. From 
the other side, an electrolitically pointed tungsten whisker, which 
passes through the larger fundamental wave-guide, is put onto the 
crystal. In order to obtain a high cut-off frequency for the production 
of higher harmonics, the area of the point contact has a rather small 
12 
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Fig. 3 : The output power of the complete far infrared source relative 
to the input power (+++) together with the theoretical 
efficiency of the harmonic generator alone (xxx). The lower 
part of the figure shows the frequencies that are produced 
by using klystrons of 37-42 GHz (c), 43-51 GHz (b) and 
65-75 GHz (a) respectively. 
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(ъ 1 μ) diameter. At each different harmonic the power is optimized by 
adjusting the plungers in the two wave-guides, and by optimizing the 
bias current. 
To test the filtering ability of the grating monochromator, we used 
a simple Fabry-Perot intermerometer. In this way we were able to deter­
mine that up to the 5th harmonic of the fundamental frequency, the 
relative power of unwanted harmonics was smaller than ^ 10 . For the 
higher harmonics, this figure is probably the same, but because the 
finesse of the Fabry-Perot interferometer lowers at higher fretruencies 
and because the output power decreases at higher f retruene les as well, 
this could not be observed with the same accuracy. However, we can 
conclude that for these cases the unwanted harmonics disappear in the 
noise, or that they are so close in frermency to the wanted harmonic 
that they are not resolved by the Fabry-Perot interferometer if in 
-1 -2 
addition their relative power ia down by a factor of 10 - 10 
Using a set of three klystrons (types 40 V12, 47 V12 and 70 VllA), with 
frequencies from 37-42 GHz, 43-51 GHz and 65-75 GHz respectively, we 
can span the frequency region from 37 to 840 GHz almost continuously. 
However, the power decreases sharply with increasing frequency; at 
840 GHz (28 cm ) the highest power we observed at the exit light pipe 
-9 
of the microwave-monochromator was 'ь 5x10 W. The frequencies which 
can be produced with the microwave-monochromator, together with the 
frequency dependence of the output power are shown in Fig. 3. Also 
shown in this figure is a theoretical curve which shows the power out­
put for an ideal I-V characteristic at an optimized conduction angle 
close to π. 
This apparatus has been successfully used by us for various solid 
state experiments i.e. for an E.S.R. study at far-infrared frequencies 
of Impurity ions (Fe , Fe , Cr , Cr ) in MgO. In this study, the 
14 
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Fig. 4 : The magnetic field dependence of the transmission in arbitrary 
units of a MqO:Cr:Fe sample at a frequency of 159.12 GHz. For 
the frequency scale a g-factor of g - 2 has been used. The 
vertical bar denotes a one percent change of the transmission. 
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transmission of the sample was measured at constant frequency as a func­
tion of an applied magnetic field at a large number of frequencies. A 
typical plot of intensity versus magnetic field is shown in Fig. 4. By 
observing resonances at different frequencies the g-values of the 
resonances could be determined. For the resonance shown in Fig. 4 g « 2; 
from this a frequency scale can be constructed which is also shown in 
the figure! the linewidth is "ь 0.01 cm . The bandwidth of the harmonic 
radiation is the same as that for the klystron. In this experiment we 
had Δυ/ν "ν 10 , resulting in a resolution of 4x10 cm at a frequency 
of 5 cm , which clearly shows the high resolution which is possible 
with this apparatus. This resolution is better than that which is quoted 
(9) 
from phonon spectroscopy experiments , and in principle it is not 
difficult to improve the resolution - if needed - with a few orders of 
magnitude, by stabilizing the klystron frequency. A further improvement 
in output power and stability may be obtained by using a different type 
of nonlinear elements.Two types of junctions which we are going to 
investigate upon their merits in harmonic generation are either Schottky-
barrier diodes on η doped GaAs , with a junction diameter of ^ 1 y, 
or Schottky-barrier-like arrangements, but on Boron doped Silicon, where 
a phosphorous diffusion has been performed after the oxide layer with 
its holes is made. This results in small area junctions C*- 1 и diameter), 
which are separated by the substrate material. 
Although in our laboratory we use a far-infrared laser for special 
applications ' it turns out that in many cases the source described 
here offers advantages. In contrast to the fact that with a laser only 
some frequencies, roughly spaced over 3 cm in this region can be 
obtained, this source can be tuned continuously. The stability of its 
output power, typically lower than 0.1% at short range and lower than 
1» at long range, and the ease with which the freouency can be changed 
is of great practical advantage in many experiments. 
16 
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CHAPTER_III 
2 + 
IHE_LOW_LYING_ENERGY_LEVELS_OF_THE_Cr rïQN_ÎÎÎ_AN_OCTAHEDRAL_ENyiRONMENT 
1. Introduction 
The study of the behaviour of 3d-transition metal ions under the 
influence of the crystal lattice of a host in which these atoms are solved 
has attracted a lot of theoretical and experimental research during the last 
decades. Due to the (strong) coupling between the ion and the lattice many 
interesting phenomena are found in these systems. Unfortunately, in 
experimental respect the accessibility of these systems is obstructed by 
the regime in which many important energy levels describing these systems 
are lying; this is the difficult region from ν = 1-50 cm . Nor optical 
far infrared techniques nor microwave techniques are very well suited for 
this regime. Our harmonic generator system, however, has especially been 
built for part of this regime. As already mentioned in chapter II, it 
offers both a high output power and a high spectral resolution. Moreover, 
this source is tunable over the region from 1-25 cm . It was natural 
therefore to use this source - among others - for the attracting problem 
mentioned above, where the theory has well advanced but where more direct 
experimental results are still relatively scarce. 
2+ 
The experimental results which we obtained for the MgO:Cr system 
are discussed and compared with the results of the existing theories in 
the following chapter. It was felt that in the context of this thesis, 
to facilitate the reading of that chapter, a summary of the theory descri­
bing the lower energy levels, governing the behaviour of this system, was 
a necessity. 
2+ 
We will start with the ground state of the free Cr -ion. Then the 
influence of the crystal lattice on this ground state will be discussed. 
This influence will first be incorporated through the crystal field where 
the effective spin Hamiltonian describing the lowest energy levels will 
be introduced. After this the influence of the lattice vibrations on the 
energy levels, which leads to the so-called vibronic states and includes 
the Jahn-Teller (JT) effects, will be treated, usually, these JT effects 
are very important for cases as ours where the ions have an electronic 
doublet (E) groundstate, since then the spin-orbit coupling and also a 
trigonal field have, in first order approximation, no effect on the energy 
levels. 
The groundstate of the free Cr -ion is a D state , so the total angular 
momentum L and the total spin S of the ion both equal 2. The degeneracy 
of this term amounts to (2L+1)(2S+1) = 25. So far only the Coulomb inter-
2+ 
action between the electrons of the Cr -ion has been taken into account. 
Although interactions are present in the ion , as spin-orbit and spin-spin 
interactions, which lift (partly) the degeneracy of the D groundstate, 
we will now first introduce the influence of the environment on the energy 
levels, because of its larger influence on the free ion. 
2. The crystalline field 
The most simple way to include the influence of the surrounding lattice 
2+ 
on the energy levels of the Cr -ion is to describe the atoms composing 
the lattice as point charges, being fixed in space and unpolarizable. 
These fixed point charges produce an electric field of a well defined 
2+ 
symmetry which acts on the electrons of the Cr -ion. This establishes 
the well known crystal field theory in its most crude form. The symmetry 
of the electric field is the same as the symmetry of the crystal and the 
2+ influence of the surrounding lattice on the energy levels of the Cr -ion 
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is found by including this electric field in the Hamiltonian. Through the 
2,3 
symmetry of the electric field the group theoretical methods can be 
applied in their full glory to obtain the energy levels. The influence of 
a crystal field of cubic symmetry on the D ground state of the Cr -ion is 
to split the groundstate in a lower lying orbital doublet ( E) and a higher 
lying triplet ( T), see also Fig. 1. 
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Fig. 1. Representative energy level diagram for the chromous 
ion in a cubic field (after Lange, Phys. Rev. В 8 (1973) 5999). 
The ground state degeneracy is removed by interaction with vibrational 
modes into Jahn-Teller states (JT+ and JT-) which are stabilized by 
anharmonic effects. The magnitude of the anharmonic effects determine 
the tunneling splitting 3 Г. For increasing anharmonic effects the 
level separations approach those of a harmonic oscillator and the 
tunneling splitting goes to zero. 
As the typical energies, which will be considered in the next section, are 
-1 
of the order of 10 cm we are only interested in the lowest lying energy 
levels. So we consider only the Б groundstate and describe what happens 
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when the remaining interactions (i.e. spin-orbit coupling) are taken into 
account. The normal procedure would be to employ perturbation theory, but 
because only the lowest energy levels are considered, an important simpli-
fication can be made through the concept of the spin Hamiltonian. The idea 
is to construct an operator which is a polynomial of the components of a 
spinvector S. This operator has an identical effect on the energy level 
one considers as the real interaction would have, but the spin operator 
works only onto one (or a few) energy levels. The shape of the spin Hamil-
tonian can be deduced by group theoretical methods and the coefficients 
in the polynomial can be calculated by perturbation theory in terms of the 
parameters describing the free ion. However, in practice one treats these 
coefficients as unknown parameters which can be obtained from experimental 
results and so the spin Hamiltonian also serves to report experimental 
results in a compact manner. The spin Hamiltonian for the E ground state 
2+ 4 
of the Cr -ion can be written as : 
X = - ï- K{[ 3S2 - S(S+1)]UQ + V3(S2 - s 2 )u } + 6 ζ θ χ y e 
g.μ, (S.H)I+ hq~vj[ 3S H - (S.H)] U + V3[ S H - S H ] u } (3.1) 
1 b 2 b ζ ζ Э x x y y e 
This Hamiltonian describes the second order spin-orbit interaction 
and the spin-spin interaction via the first term of Eq. (3.1), while the 
second and third term describe the influence of a magnetic field on these 
levels. The operators 1, R., U. and U are electronic operators with respect 
¿ ο ε 
to the E orbital doublet |E >, |E > and they are defined as : 
I = |Ε
Θ
><Ε
Θ
| + |E£><Ee| 
R 2 = І О ^ ' " іЕ > < Е
е
і
) 
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υθ
 = - | Е е > < Е І + Ι Εε > < ΕεΙ ί 3 · 2 , 
U = |Ε„><Ε Ι + ΙΕ ><Ε | 
ε 'θ ε ' ' ε θ ' 
In fact, this Hamiltonian would be sufficient to calculate the relative 
position of the 10 energy levels arising from the E ground state. However 
the assumption made with respect to the surrounding lattice ions turns out 
to be a too crude a model and important new features arise when the lattice 
is no longer taken as rigid and the movements of the lattice ions are taken 
into account. 
3. Jahn-Teller effects 
The important influences which can arise from a not totally rigid 
environment were first noted by Jahn and Teller for the case of molecules. 
They looked at all possible symmetries to see if in the case of an elec­
tronically degenerate level the symmetry on which the degeneracy is based, 
would be destroyed. The destruction of the symmetry in such cases was 
suspected and postulated by Landau somewhat earlier. Jahn and Teller found 
that the electronic degeneracy can be lifted if the symmetry is distorted, 
except for the cases of the linear molecule and a Kramers degeneracy. This 
theorem was shown by van Vleck to hold for paramagnetic ions embedded in 
a crystal lattice. The distorted configuration has a higher elastic energy, 
but there exists a minimum in the energy as a function of the displacement 
(see Fig. 2). Although it was first believed that the distortion would 
always occur - thereby lowering the energy of the system - it became clear 
later on that an external stress (possible due to dislocations) is always 
needed to 'activate' the distortion due to the many equivalent distorted 
configurations. However in the limit of strong ion-lattice coupling the 
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distortion (once it has taken place) is extremely stable with respect to 
transitions among equivalent distorted configurations at Τ = О К. In this 
case one often says that there is a 'static Jahn-Teller effect'. 
ν 
°2 
Fig. 2. The potential energy surface V(Q ,Q,) for a doubly degenerate 
state where the anharmonic effects are excluded (after Sturge, Solid 
State Phys. 20 (1967), p. 91). The figure shows that the state of 
lowest energy occurs for Q ¿ 0, but there are an infinite number of 
distortions at this lowest energy (dotted curve). 
Another important feature, of which one first thought that it would 
arise as a consequence of the JT-effect, was that the splitting of the energy 
levels could be detected directly. This effect can rarely be seen and it took 
some time before it was realized that the so-called vibronic ground state 
of the ion now contains both the nuclear coordinates and the electronic 
coordinates, and that these two can often not be separated. However, the 
inclusion of the ion-lattice interaction and the kinetic energy of the nuclei 
gives a number of excited vibronic energy levels, which can become important 
(see Fig. 3). From the mixing of the electronic and nuclear coordinates 
some new features arise once a perturbation acts on the vibronic states. 
These features consist of an inclusion of the first excited vibronic level 
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(in case of Cr ) and some quantitative differences with respect to what 
would be expected if the Hamiltoman of Eq. (3.1) was used instead. The effects 
mentioned above were realized once one abandoned the usual perturbation 
treatment of the ion-lattice interaction and tried to solve the vibróme 
Hamiltoman (or a part of it) directly. 
Fig. 3. Vibróme energy levels vs. non linear coupling strength 
(after M.C.M. O'Brien, Proc. Roy. Soc. A281 (1964) 323). The figure 
shows clearly that in the case of strong non linear coupling the 
first excited singlet can no longer be neglected, even if one 
only considers the lowest energy level. 
We will not go into this problem - the reader is referred to refs. 
7-10 and refs. cited therein for a treatment of the vibróme problem - and 
only mention a few results which show the influence of the new vibróme 
states on perturbations applied to it. There are two distinct ways in which 
24 
this influence can be calculated : 
1. Using the vibronic ground states leading to the reduction factors as 
10,11 
introduced by Ham . 
2. Using transformation methods 
4 
We will follow Ham in what follows. The Hamiltonian for the vibronic problem 
can be written as : 
Jf = H„ + IÎ + H 
0 JT w 
(3.3) 
We will (as in ref. 4) simplify the interaction with the lattice by 
assuming that the interaction takes place only with a degenerate pair of 
vibrational modes (see Fig. 4), so we are dealing with the case Ε χ е. 
Eg Normal Modes 
Fig. 4. Displacements of the normal modes of E symmetry for an 
octahedral molecule consisting of a chromous (Cr ) ion and six 
2-
oxygens (O ) (after Lange, Phys. Rev. Β θ (1973) 5999). The E 
normal modes are a degenerate vibrational doublet in this case, 
and the normal coordinates are indicated as Q„ and Q in the text. 
θ ε 
The last notation only expresses that one considers the coupling between 
a vibrational doublet (e) and an electronic doublet (E). Η describes the 
kinetic and elastic energy of the vibrational modes and can be written as : 
25 
н = (2ν)~1[τ>1 + ρ 2 + ( W ) 2 ( Q I + Q2)]i, (3 .4) 
U σ ε σ ε 
here Ρ
Λ
 and Ρ are the momenta conjugate t o Q., Q ; μ i s the e f fec t ive mass 
Ό ε σ ε 
of the vibrational mode and ω its angular frequency. Η describes the linear 
JT coupling of the E ground state: 
Η
ατ
 = ν ( δ
θ
υ
θ ^ е '
 ( 3
·
5 ) 
where V is the coupling strength. Η includes the non linear coupling (see 
w 
Fig. 3) and in case of cubic symmetry it has the following form: 
H
w = V ( υθ ( δε - Ql) + 2 υε δε δθ 1 + с 2 ( Qe " ^ ε » 1 ' ( 3 · 6 ) 
where V and V are higher order coupling coefficients. The operators I, 
q с 
U. and U appearing in Eqs. (3.4) - (3.6) are defined in Eq. (3.2). The 
vibronic ground state of the Hamiltonian (3.3) is a vibronic doublet 14" >, 
gtì 
|ψ >. In Fig. 3 the vibronic energy levels of (3.3) are depicted as a 1
 ge 
function of the strength of Η . It is seen that if Η vanishes, the first ex-
w w 
cited state is degenerate, but it is split by Η , and as Η increases, the 
first excited state approaches the ground state. The distance between the 
ground state and the first excited state is called 3Γ (the tunneling 
splitting). It depends on the strength of Η , which in the case where it 
can be treated as a weak perturbation to Η and Η can be written as : 
Η = -ВсозЗ , (3.7) 
w 
where θ is a polar coordinate in Q-space and В depends on V and V . 
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The first excited level in Fig. 3 is A as V and β have the same sign, but 
it is A as V and β have opposite sign. V is the coupling strength of Eq. 
(3.5). 
Before we introduced the Jahn-Teller effects, it was seen that a 
perturbation on the E electronic ground state could be dealt with by using 
the spin Hamiltonian formalism, whose general form can be represented as : 
V + G2 R2 + + W ( 3 · 8 ) 
where the G's are functions of the components of external perturbations. 
The matrix elements of ß with respect to the vibronic ground state are 
identical with those of 
а
д =
 + рС2К2д + Ч ( С + С
е
 ,
 ( 3
·
9 ) 
where I, R , U „ and U are operators with respect to the vibronic ground 
state and are defined similar to Eq. (3.2) as : 
I = Ψ ><f . + ψ Χ ψ 
1
 д д ' ' дв ge' 
R = ί(|ψ ><ψ | - |ψ ><ψ |) (3.10) 
2g ' ge д ' ' д ςε' 
д ' д д ' ' ge де' 
U = Ιτ
 0><Ψ I + |ψ ><Ψ .1 ge g" ge ge go', 
ρ and q are defined by : 
4 = -"VKlV {3-n) 
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Because the first excited state can come close to the ground state, this 
state must also be included in the calculations of the energy levels in 
case of a perturbation like that in Eq. (3.8). Therefore the parameter r is 
needed, which is defined as : 
^ л і " а
4
'
 n
>
 =
 < Ψ
Λ Ι
 u ψ
 >· (3.12) 
Al' θ' go Al' ε' ge 
in case the lowest singlet is A , and as 
<Ψ . U Ψ .> = -<Ψ - U. Ψ >/ (3.13) 
Α 2 ' ε ge Α2' θ ge 
in case the lowest singlet is A . 
The result of the JT-effects on the energy levels is that instead of 
the spin Hamiltonian (3.1) we must use a similar Hamiltonian with the 
parameters ρ and q at the appropriate places. Including the spin-orbit inter­
action gives the same Hamiltonian as the first term of the right hand side 
of Eq. (3.1), except that К must be replaced by K' with 
K' =Kq (3.14) 
Including this interaction leads to the following energy levels, which are 
shown in Fig. 5 and whose relative position depends on which singlet (A ,A ) 
is lowest. The levels Γ , Г and Г are the same in both cases : 
Г : E = -2Kq 
Г 2 : E = +2Kq (3.15) 
Г
з
 :Е±^Г ±[ (Зг,
2
 +
 2 К 2 г 2 ] \ 
28 
Fig. 5. Relative energies of spin-orbit levels (S = 2) derived from 
an orbital doublet E electronic state in cubic symmetry for a strong 
JT coupling, showing the approach to the limit of a static JT-effect 
(after Bates and Dixon, J. Phys. С 2 (1969) 2209) . The levels shown 
include those derived from the lowest orbital singlet tunneling level 
(a) A or (b) A . Energies are given relative to the Г ground state 
in units of the reduced spin-orbit parameter Kq, as a function of the 
2 2 
tunneling splitting ЗГ (the approximation r = 2q has been used in 
plotting the curves) (after Ham, Phys. Rev. 166 (1968) 307). 
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and when A singlet is lowest : 
Γ 4 : E = -Kq 
Γ,. : E±= |Г + iKq + [ (^Г - ^ Kq) 2 + іЛ·2] h, (3.16) 
while when the A singlet is lowest : 
Г 4 : E- = ^ Г - ^ Kq + [ (|г + ^ Kq) 2 + к ] ^  
Г 5 : E = Kq. (3.17) 
These results are the same as the results in ref. 12, which were obtained 
for the adiabatic approximation in the strong coupling limit. 
The influence of an applied magnetic field is calculated through the 
use of the spin Hamiltoman in the corresponding terms of Eq. (3.1), where 
the reduction factor q must be inserted into the terms containing U Q and 
θ 
U as was argued in Eq. (3.9) . The effect for small fields is that the 
levels Г , Г , and Г are not split, and that the levels Г and Г are 
split isotropically while this splitting is given by the new spin Hamil­
toman : 
X „ = gu. (J' .Η), (З.і ) 
gH b 
with J' = 1. For each triplet similar spin Hamiltomans result (also with 
an effective spin operator J' = 1). Remember that all these spin Hamilto­
mans give only a proper description of the energy levels (the triplets) 
they belong to. The g-factors for the case where the A singlet is lowest 
are given by : 
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г 4 : g = ^ j - qg 2 
Г^ : g = i 5 g 1 ( l -3s in 2 ß 1 ) + q g ^ o s ^ - rg 2 s in3 1 cosß 1 (3.19) 
+ 3 2 2 
Г : g = -g ( l - - s i n β ) + q g 2 s i n ßj + r g 2 s i n ß 1 c o s ß 1 , 
with 
Tan2ß = -2гК/(ЗГ - Kq), (3.20) 
and when the A singlet is lowest : 
r
5 : g = bg1 - qg 2 
r ¡ : g = !5g1(l-3sin2ß2) - qg2cos2ß2 - rg2sinß2cosß2 (3.21) 
+ 3 2 2 
r
4 : g = -g.U-xsin β ) - qg sin β + rg sinß cosß2, 
w: th 
Tan2ß = -2гК/(ЗГ + Kq), (3.22) 
which again agrees with the results of ref. 12. 
The results of the relative position of the energy levels in Eqs. 
(3.15) - (3.17) and the results for the g-factors in Eq. (3.19) - (3.22) 
will be used in the next section to discuss the experimental results 
2+ 
which we obtained on the MgO:Cr system. The splitting of the energy 
levels due to strain can be dealt with in the same way as was done for 
the spin-orbit coupling and the magnetic field splitting, but we only state 
here the conclusion that the strain will generally split the triplets Г 
2+ 
and Г . The important assumption that the coupling of the Cr -ion is with 
31 
a degenerate pair of vibrational modes can be abandoned and as the coupling 
with the lattice phonon spectrum as a whole is considered, than the result 
is that the values of the reduction parameters p,q and r change. So the 
same formula's can be applied to obtain p, q and r from the experimental 
results and this in turn can give an indication of how important multimode 
coupling (or coupling with the lattice phonon spectrum) is in each particular 
11 
case 
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CHAPTER IV 
HIGH RESOLUTION FAR INFRARED SPECTROSCOPY OF THE 
LOWER ENERGY LEVELS OF Cr IN MgO 
ABSTRACT 
High resolution far infrared spectroscopy has been performed on the 
2+ 
lowest lying energy levels of Cr in a MgO host crystal in magnetic 
fields up to 25 kG at temperatures between 1.2 К and 4.2 K. The rele­
vant electromagnetic radiation from 2 cm to 10 cm was produced by 
using the higher harmonics of klystron radiation, leading to a tunable 
radiation source for the region between 2 cm and 25 cm . From the 
extrapolated resonance frequencies at zero magnetic field of the 
electron paramagnetic resonance spectra and the measured temperature 
2+ dependence of these resonances, an energy level scheme for the Cr 
ion in MgO has been constructed which is in close agreement with theo­
retical considerations. The relative positions of the low lying 
energy levels can be described with the two parameters ЗГ = 17.2 cm 
and D « 2.Θ7 cm .In addition, the sign of the anhanoonicity para­
meter В was found to be positive. The magnetic field dependence of 
these low lying energy levels (described by a g-factor in case of a 
linear dependence) differs significantly from theoretical predictions. 
The line-width of the resonances suggests an upper limit for the 
-g 
life-time of the T_-level of 3x10 sec. 
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1. Introduction 
During the last decade, the problem of the counllng of a paramagnetic 
ion to the crystal lattice of a host crystal has attracted a great deal 
of interest, both from an experimental and a theoretical point of view. 
4 
In particular, the case of a (3d) -ion in a cubic or trigonal environ­
ment has been the subject of several studies. Due to the strong coupling 
between the ion and the lattice and the high spin of the E ground 
state, many interesting phenomena can be found in these systems. The 
interaction between the lattice vibrations and the electrons of 
the magnetic ion leads to vibronic states, including a dynamic or static 
Jahn-Teller effect. Of particularly interest is the system consisting of the 
2+ 
chromous (Cr ) ion in a MgO host lattice. Since the distances between 
the lowest energy levels are in the experimentally awkward range of 
1-20 cm , the experimental studies fall mainly into two classes: 
thermal conductivity measurements (Challis et al., 196Θ, 1972) and acoustic 
paramagnetic resonance (apr) experiments (Marshall and Rampton, 196B,· 
Ham, 1971; Lange, 1976). In addition, some far-infrared spectroscopy 
(Anderson et al., 1974) has been carried out in this frequency range and, 
more recently, other techniques (Lange, 1973; Patel and Wigmore, 1977; 
Hason et al., 1976) have been used. Although thermal conductivity 
measurements provide very valuable information about the energy spectrum, 
the spectral resolution Is rather poor. On the other hand, apr measure­
ments give a high resolution, but unfortunately the spectral region is 
limited to a narrow frequency range around 1 cm . Therefore, it would 
be most useful to have measurements with high sensitivity and a high 
spectral resolution in the interesting region of 1-10 cm where the 
lowest energy levels lie. However, with conventional far-infrared 
techniques, there is a lack of radiation power in the region below 
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10 cm to allow for a determination of the spectrum with sufficient 
accuracy and resolution. In this paper an investigation will be 
presented of these low lying energy levels with electron 
paramagnetic resonance (epr) experiments in the very far-infrared region 
tl cm - 10 cm ) in magnetic fields un to 25 kG. A simple microwave 
monochromator with a frequency multiplication scheme has been used to produce 
a much higher resolution than more conventional far-infrared technlnues. 
The measured resonance frequencies are in reasonable agreement with 
theoretical calculations. 
2+ 
The energy levels of Cr -ions in a Mgo host have been analyzed theo­
retically by Fletcher and Stevens (1969) using a molecular cluster model 
(Bates et al., 1968), and by Ham (1971) who assumed coupling with a pair 
of degenerate vibrational modes and used the concept of reduction para­
meters (Ham, 1968). In both works the lowest energy levels were calculated 
in terms of both the spin-orbit coupling parameter D(respectively K/2) 
and the anharmonicity parameter B(P,) . The matrix elements used in the 
treatment of Fletcher and Stevens are closely related to Ham's reduction 
parameters q and r. The enharmonic terms, whose magnitudes are determined 
by B, introduce three equivalent minima in the trough of the "mexican hat"-
potential (Marshall and Rampton, 1968; Fletcher and Stevens, 1969). This 
gives rise to a tunneling splitting 4(3Γ), related to the magnitude of B(B). 
In addition, strains give rise to terms which can be of the order of 
magnitude of the Zeeman splitting. In a cubic system with an E ground state, 
this can lead to a rather complicated esr spectrum, making it difficult to 
compare the experimental data with theory. An extensive investigation 
2 
of the effect of strains in Jahn-Teller systems with a E ground state 
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has been made by Boatner, Reynolds, Chen and Abraham (1977). They find that 
the ratio of the strain-splitting S to the tunnelinq-splittlnq 3Γ 
offers a convenient way to divide these Jahn-Teller systems into four 
groups, each with its own characteristic esr spectrum. However, for 
systems with a E electronic ground state, the situation is not very 
well established; the only simple cases are the limit of the static Jahn-
Teller effect (І/ЗГ>1) or the limit of small strains (all terms con­
taining ΐ in the Hamiltonian can be neglected). In all other cases com­
puter calculations have to be used to find the lowest energy levels. 
The situation changes if the effect of strains on the g-factor is con­
sidered; this has been analyzed by Fletcher and Stevens (1969), and by Ram (1971), 
Another complication can arise if the coupling with several vibra­
tional modes (Halperin and Englman, 1973) or with the lattice as a 
whole (Abou-Ghantous et al., 1974) is considered. The effect on the 
reduction parameters of including this kind of coupling is that the 
parameter ρ of Ham (196Θ) can be different from zero in the 
strong coupling limit, and more generally the equality 2a - ρ = 1 
(valid for coupling with a pair of degenerate vibrational modes) 
no longer holds. An excellent review on the consequences which result 
from including this more realistic description of the coupling of a 
paramagnetic ion with the host lattice is given by Bates (197Bb). An example 
of the influence of a nonzero value of ρ on the energy levels is found 
3+ 2+ 
in the Al.O^tMn and Al.O^Cr systems (Bates, 1976,1978a,b) , where the 
3+ 2+ paramagnetic Mn and Cr ions are subject to a trigonal distortion field. 
However, in a system like MgO:Cr with cubic symmetry, as studied in this 
paper, the parameter ρ enters into the description of the energy levels 
only through higher order terras (as i.e. in the influence of the spin-
orbit coupling on the Zeeman levels). Therefore the situation will not 
be changed if ρ is different from zero. 
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Table 1. 
Relevant parameters for the description of the low laying energy levels of MgO:Cr 
Experimental method 
apr 
(Fletcher and Stevens, 1969) 
apr 
(Ham, 1971) 
thermal conductivity 
(Challis et al., 1968,1972) 
far-infrared spectroscopy 
(Anderson et al., 1974) 
hypersonic attenuation 
(Lange, 1973) 
heat pulse technique 
(Patel and Wigmore, 1977) 
apr f 
(Lange, 1976) l 
phonon spectroscopy 
(Hason et al., 1978) 
ерг 
(this work) 
D(K/2) «(ЭГ) 
2.02 7.6 
ЗГ » D 
4 16 
not in disagreement with thermal 
undetermined 14 
2.5 32 
2.1 19 
2.4 18.5 
2.4 undetermined 
2.87 17.2 
B(0> 
> 0 
> 0 
> 0 
conductivity 
< 0 
> 0 
< 0 
> 0 
> 0 
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2+ 
Most of the experimental results for MgO:Cr have been analyzed using 
the theories of Fletcher and Stevens (1969) and Ham (1971), in terms of 
their parameters D(K/2), δ(3Γ) and B(S). Table 1 gives these parameters 
as obtained with the various techniques. As can be seen, the agreement 
between the values obtained with different methods is not too impressive. 
2. Experimental set-up 
2.1 Microwave monochromator 
For electron paramagnetic resonance studies of the lowest lying energy 
levels in fields up to 25 kG, a far-infrared source for the region from 
1 cm to 25 cm is needed. This has been achieved by using a set of 
klystrons and the well known technique of frequency multiplication (Ohi 
et al., 1959). With a simple set-up it was possible to obtain a radiation 
-3 -Θ —1 —1 
power output varying from 10 to 10 W when going from 4 cm to 25 cm , 
with a spectral resolution of Δν/ν " 10 . Such an apparatus is parti-
2+ 
cularly suited to perform esr studies in systems like MgOtCr . This sub-
millimeter wave source has been well described (Huyben et al., 1979), a 
short summary, as far as relevant for this paper, will be presented in 
this section. 
The initial power is delivered by OKI-klystrons. Their radiation is 
coupled into a harmonic generator of a type well described in the litera­
ture (Ohi et al., 1959; Burrus, 1964,1966; Huiszoon, 1971; Huyben et al., 
1979). As a nonlinear element for the production of the higher harmonics 
a silicon crystal, which was made following the method described by 
Burrus (1964), has been used. The characteristics of these crystals are: 
3 18 —3 
dimensions 0.3x0.3x0.2 mm ; overall dopant concentration: 4x10 cm (Boron); 
20 -3 
a concentration of 10 cm (Phosphorus) at one surface. On the crystal 
a pointcontact is made by gently moving a tungsten whisker toward the surface 
where the Phosphorus is localized. The bias voltage of the pointcontact diode 
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1-Radiation from klystron 
2-Harmonic generator 
3-Parobolic cone 
4-Gratings 
5-Parabolic mirror 
6-Exit slit and filter wheel 
7-Türnoble mirror 
θ-Fabry- Perot interferometer 
9-Mesh-filters 
10-To sample system 
11-To pump 
12-To detector 
13-Shield 
14-Vacuum chamber 
Fig. 1 : Scheme of the microwave monochramator. 
thus formed was chosen at the sharp "knee" in the I-V characteristic (at ^  -9 V), 
with a corresponding current between 5 and 15 mA. With this configuration 
it is possible to generate up to the 12th harmonic of the klystron-frequency. 
In order to eliminate unwanted harmonics, the radiation leaving the generator 
is coupled into a small grating monochromator which filters out the 
unwanted radiation. A schematic drawing of this far-infrared source is 
shown in Fig. 1. 
The performance of this pointcontact diode is governed by a large 
number of parameters which have to be controlled and optimized care-
fully. The most important ones are: the quality of the pointcontact, 
which influences the sharpness of the "knee" in the I-V characteristic; 
the magnitude of the bias current and the impedance matching. To obtain 
reasonable power in the higher harmonics, the diameter of the point-
contact has to be kept small (^ 1 w). This implies a very sharp point for 
the tungsten whisker. However, the contact pressure can not be too 
large since otherwise the point of the whisker will be bent which 
leads to weak harmonic signals. On the other hand, a small contact 
diameter leads to a high current density which can result in burning 
out of the contact. Moreover, small contact diameters are mechanically 
unstable which again leads to a bad performance of the pointcontact. 
These considerations imply that for the generation of the higher 
harmonics a small contact diameter, a small contact pressure and a 
small bias current are all needed. In addition, it may be necessary to 
reduce the input-power of the klystrons in order to prevent the point 
contact from burning out. 
In order to test the filtering of the grating monochromator, a 
home-built Fabry-Perot interferometer was used. Its mirrors are con-
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Fig. 2 : Frequency analysis of harmonics from the microwave monochro-
mator with a Fabry-Perot interferometer. 
a. Second harmonic of 70 GHz leading to 140 GHz (4.67 cm' ). 
b. Twelfth harmonic of 70 GHz leading to 840 GHz (2 cm" ). 
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Fig. 3 : Experimental and theoretical values of the power output of 
the haxmonlc generator as a function of the harmonic number. 
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structed from metal mesh filters with a grid constant of 102 u which 
gives a freguency dependent reflection coefficient Ft. For 140 GHz 
(second harmonic of 70 GHz) one obtains R • 0.97, and for B40 GHz (12th 
harmonic of 70 GHz) R = 0.71, resulting in a finesse of 103 and 9 res­
pectively. Fig. 2 shows two scans with this Fabry-Perot interferometer, 
using only the grating of the monochromator as filter. As can be 
seen from the figure, only one harmonic is dominant and all the others 
are suppressed to a large extent (the ratio of unwanted power to exit 
-2 -3 
power being of the order of 10 to 10 ). In addition, it is possible 
to improve the filtering of the monochromator with an extra low band­
pass filter (i.e. Yoshinaga filter), placed on a rotatable wheel which 
allows an easy change of these filters. 
The power output of the microwave-monochromator depends strongly on the 
harmonic which is chosen. This dependence is shown in Fig. 3. The experi­
mental points denoted in this figure have all been obtained with the same 
pointcontact. In principle, the experimental set-up has to be optimized 
separately for each harmonic. This includes optimizing the position of the 
grating of the monochromator, the low band-pass filter, the impedance matching 
of the generator and the bias current through the pointcnntect. The tbeoretjcal 
points in Fig. 3 have been calculated using the formulas derived by Ohi, 
Budenstein ani Burrus(1959) for a conduction angle close to 90 . 
Using a set of OKI-klystrons of the types : 40V12 (37-42 GHz), 
47 І2 (43-51 GHz) and 70V11 A (65-75 GHz) respectively, it is possible 
to span the frequency region between 2 cm and 25 cm almost con­
tinuously with a resolving power of Δυ/υ = 1 0 
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incident 
light 
to pump 
1 light pipe 
2 BNC connector 
3 pump exhaust 
I» condenser 
5 cold f i l ter 
6 vacuum can 
7 light cone 
θ superconducting 
9 sample 
10 Si bolometer 
11 copper braid 
12 He bath (1.1 К 
magnet 
Fig. 4 : Sample system for high-frequency e lectron paramagnetic 
resonance measurements. 
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2.2 Sample system and measuring procedure 
The general lay-out of the sample system Is shown In Fig. 4. A trans­
mission geometry with the sample cemented onto a light-condensing cone 
has been used with a Si-bolometer as detector. The sample and detector were 
placed In an evacuated can. The sample was cooled by the outer He-bath 
via thermal contact with the cone while the detector was cooled via a 
copper braid connected to a small He-tank kept at a constant tempera­
ture of ^ 1.1 K. The sample was oriented with its [ 001] direction 
parallel to the magnetic field. The magnetic field was produced with a 
superconducting coil capable of generating 26 kG. 
The resonances were observed by measuring the transmission of the 
sample as a function of the magnetic field at a fixed temperature and 
a fixed frequency. By repeating the same magnetic field sweep at dif­
ferent temperatures, the temperature dependence was determined. A 
typical example of such a resonance and Its temperature dependence is 
shown in Fig. 5. By using different frequencies, and by plotting the 
resonant magnetic field against the frequency, the g-values were 
determined. By extrapolation to zero field, the energy separation at 
zero field of the two energy levels responsible for the observed 
resonances was found. 
2.3 Sample treatment 
Two different monocrystalline samples (denoted by A and J) containing 
chromium were studied. Both samples were doped with 6700 ррш Cr 
and 32S0 ррш Fe and were cut from the same boule, grown by Spicer Ltd., 
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Winchecombe, England. The dimensions of sample A were 8x5x4 mm and of 
sample J, 15x5x5 um . In order to channel the radiation, the sides of sample J 
not directly exposed to the far-infrared light were covered with an 
evaporated gold film. First, sample A was measured in the virgin state 
and thereafter was exposed to an oxidizing treatment by heating to 
1300 С for a period of 24 hours in an oxygen atmosphere, after which 
it was slowly cooled down in θ hours to room temperature. This led to 
the disappearance of a number of resonances that reappeared (although 
less intense) after a reduction treatment at 1250 С in an atmosphere 
of 95* Argon-5% Hydrogen for 24 hours (Challls et al., 1968, Anderson et al., 1975). 
Sample J is the sample studied earlier by Anderson, Challis, Stoelinga 
and Wyder (1974). It has undergone several treatments: an oxidizing 
о 
treatment for 24 hours at 1400 С followed by a slowly cooling down in 
7 60 
8 hours to room temperature, a γ irradiation (^10 rads from a Co 
source) and a heating in air to 140 С in an experiment. From the 
very different history of the samples A In its virgin state, A after 
heat treatment and J it may be expected that the strains were not the 
same in these samples. For comparison also a sample containing only 
Fe as an impurity was used. This sample, K, was the same as that used by 
Anderson et al. (1974). It contained 3100 ppm iron. All concentrations 
are expressed in atomic ppm. 
3. Results 
In sample A and in sample J several resonances were observed in 
the frequency range from 2 cm to 10 cm
 t which in sample A dls-
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1.36 К 
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Fig. 5 : Temperature dependence of the line intensity of some of the 
2+ 
resonances due to the Cr ion in MgO, observed in sample A 
after its reduction treatment. The frequency used was 
125.745 GHz. The lines are identified in Fig. 7. 
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appeared when this sample was oxidized and which reappeared after re-
2+ 
auction. These resonances can therefore be attributed to the Cr ion 
because this is the only ion which disappears almost completely if a 
sample containing both chromium and iron is oxidized (Wertz and Coffman, 
1965; Challis et al., 196β; Anderson et al., 1974,1975). Extra­
polated to zero magnetic field Η these transitions are at 3.22 cm , 
3.32 cm , 4.66 cm and 8.61 cm . As an example in Fig. 5 two 
resonances are shown as function of the magnetic field at several 
temperatures at a frequency of 125.745 GHz. The noise shown in this 
figure is due to the fluctuation in the intensity of the source 
caused by instability of the point-contact. The relative intensity 
fluctuations are — 0.1 percent. The experimental uncertaincy in the 
frequency is Δν » 4x10 cm , corresponding to ΔΗ " 10 G. 
2+ 
To confirm that these resonances were due to the Cr ion also a 
sample, called K, containing only iron as impurity was examined. 
These resonances were indeed not observed in this sample. 
The resonance frequencies were linear dependent on the magnetic 
field, except for one resonance starting from 4.71 cm (see Fig. 6), 
2 
which went as Η for small fields (H i 10 kG). The resonances starting 
from 4.66 cm at Η - 0 were closely spaced doublets, and the spacing 
within the doublets was independent of the magnetic field in the 
region investigated (up to 25 kG). The resonances starting from 3.22, 
3.32 and 4.66 cm , at Η « 0, showed an almost symmetrical line shape 
as a function of the magnetic field (see Fig. 5). Their linewidth ΔΗ 
showed no dependence on the resonant field over the region investiga­
ted (0-25 kG). A different behaviour was found for the resonance which 
48 
20 30 
magnetic field (kG) 
2+ 
Fig. 6 : Resonance frequencies observed for Cr in MgO as a function 
of the magnetic field. The insert shows the splitting of the 
resonances around 4.β cm 
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depended quadratically on the magnetic field. Its 11newidth was pro­
portional to the inverse of the magnetic field. Combined with its 
2 
vaH dependence, this yields that this transition has a fixed frequency 
bandwidth Δν. Some of the lines could not be followed through the 
entire field range, either because the Intensity of the resonance was 
too low or because the desired frequency could not be produced with 
2+ 
enough intensity. In Fig. 6, where the observed resonances due to Cr 
have been plotted as function of both frequency and magnetic field, 
these experimental results are collected. The g-factors of 
the lines, as well as the coefficient of the quadratic dependence of 
2 
the line which varies as Β , are given in Table 2. 
No difference greater than the experimental uncertaincy was found 
between the results obtained with sample A and those obtained with 
sample J. 
These measurements were all performed with the sample at a tem­
perature of 4.2 K. For the strongest resonances, but at least for one 
line of every group of linas, (a,b,c), {e,f,i,]) and (g,h) of Fig. 6, 
also the temperature dependence of the line intensity was examined at 
an experimental favourable frequency. For this, sample A was used after 
this had undergone the reduction treatment. The temperature of the 
sample was varied between 4.2 and 1.3 К by pumping down the outer 
helium bath. The results are presented in Fig. 8. 
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4. Discussion 
4.1 Energy level scheme 
From theoretical considerations (Fletcher and Stevens, 1969; Ham, 1971) 
2 + it is known that the lowest levels of the Cr ion in the crystal field of 
the MgO host consist of two singlets of symmetry A and A , a doublet E and 
two triplets T. and T,. Only the triplets are magnetic field dependent. All the 
resonances observed by us are therefore related to the triplet levels. From the 
results presented In Fig. 6 it is clearly shown that the lines obser­
ved form three groups, namely !a,b,c), (e,f,i,j) and (g,h). Of the 
lines a.,c ,e and g, so at least of one line of every group, also the tem­
perature dependence of the line intensity has been measured. This line 
intensity is related to the population of the initial and final states 
involved in the transition (see below). From this temperature depen­
dence, the splitting in a magnetic field and the frequencies of the 
lines it follows that the order of the levels in the energy level 
scheme should be Τ, Ε, Τ and A going from lower to higher energies, 
with energy separations and a magnetic field dependence as shown in 
Fig. 7. In this figure the transitions corresponding to the lines in 
Fig. 6 have been denoted by the same symbols. 
Next the energy levels as calculated at Η - 0 by Fletcher and 
Stevens (1969) and by Ham (1971) were fitted to these results. Assuming г /q - 2 
and q - 0.5 as was done in these references, this fit yielded the place 
of the lowest level and the indices of the levels as denoted in 
Fig. 7. For the parameters describing the levels the best fit gave: 
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B(B) > О, 6(ЗГ) - 17.22 cm and D(K/2) - 2.87 cm , where the notations 
in brackets are those used by Наш (1971). In the fitting procedure, the sum 
of the absolute values of the difference between the theoretical ала 
the experimental resonance frequencies was minimized, using δ(3Γ)/ς as 
the only adjustable variable. Using these parameters, the maximum 
difference between the calculated transitions and the experimental ones 
-1 2 2 
from Fig. 7 is smaller than 0.05 cm . Obviously, if r /q is allowed 
to vary as well, an even better fit can be obtained. The best fit for 
Β(β) < 0 yielded differences which were larger by at least one order 
of magnitude. 
In this analysis, all effects of possible strains in the crystal 
have been ignored. Since no difference in the results was observed 
for crystals of different history a possible effect of strains should 
be small. From the measured splittings of the Τ and E levels (cf 
Fig. 6 and 7), if this is due to strains, it may be argued that 
strains only give rise to small shifts of the energy levels of the 
order of 0.3 cm .If such strains, yielding shifts of this order of 
magnitude,are included as an additional parameter in the theory, it 
is possible to get an almost exact fit with the experimental results. 
From the energy level schema of Fig. 7 the earlier results of 
Anderson, Challis, Stoelinga and Wyder (1974) can partly be explained. 
They found a resonance at 12.5 cm which could be due to a transition 
from the ground state to the A singlet, corresponding to a fremiency 
of 11.8 cm" , according to the level scheme of Fig. 7. However, their 
line at 15 cm cannot be analyzed in this way. As suggested by Lange (1973), 
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it might be possible to explain this line as a transition from the A 
singlet to the higher lying triplet which gives about the same frequency. 
Since the experiments by Anderson et al. (1974) were carried out at 1.5 K, 
which gives a very low accuracy of the A, singlet, this explanation is not 
convincing. It should be emphasized that the latter experiments were 
carried out with conventional far-infrared techniques which have in this 
difficult low frequency region a much lower accuracy and resolving power 
than the microwave monochromator described here. In measurements done with 
a Michelson interferometer, the 15 cm line could not be seen, but a 
resonance at 24 cm could be observed, confirming the experiments of 
Anderson et al. (1974) and agreeing with the observations of Challis, 
de Goër, Guckelsberger and Slack (1972). This resonance was also found 
in a MgO sample doped with Fe. It seems doubtful therefore to attribute 
this resonance to the Cr ion as was done by Anderson et al. (1974). 
2+ 
If this resonance is indeed due to an other ion than Cr , then the 
argument on which in that work the choice was based for the parameters 
δ(ЭГ) and D(K/2) no longer holds. The resonance which was found at 
5 cm may correspond with the resonance at 4.66 cm found in this 
work which would make the two experiments of Challis et al. (1972) and 
Anderson et al. (1974) consistent with the present work. 
Quite recently, other experiments have been reported on the MgO:Cr-
system by Haeon et al. (197Θ) using phonon spectroscopy. They find 
well-defined resonances in zero magnetic field at 9.5 cm and 
4.9 cm , and a possible resonance at 2.9 cm . The two lower resonances 
are close to the zero-field values of the present work (3.22 cm , 
3.32 cm" and 4.66 cm )i however, the 9.5 cm resonance found with 
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phonon spectroscopy seems to be slightly off from the 8.62 cm line 
found with far-infrared technimies. In this context, it should be 
noted that the samóles of Hason et al. (1978) contained Cr as well as Mn . 
Although these ions are ouite similar, most probably their energy 
levels will not be the same. Therefore, one might expect broader lines 
for the MgO:Cr :Mn sample than for a MgO:Cr sample; this is indeed 
observed as the linewidth of the spectra of Hason et al. (1978) seem to be 
^ 0.5 cm" to 1 cm" . It can be concluded that the resonances found by 
Hason et al. (1978) in zero magnetic field are consistent 
with the results found in this work. Finally, it should be remarked 
that the assignment of the energy levels to the resonances at 8.62 cm 
(T -• A ) and at 4.66 cm"1 (T -• T,) differs from that given by Hason et al. (1978) 
for their resonances at 9.4 cm (A. -» A.) and at 4.9 cm (A + E). 
However, our epr experiments allow the determination of the multi-
plicity of the energy lavai· free the sollttlnq of the resonances In a 
magnetic field. In addition, as remarked by Baaon et al. (1978), the assignment 
A. •* E fails to explain a value of 4.9 cm" if it is assumed that 
D - 2 . 8 7 c m or D - 2.4 cm . Therefore the exoerlmental data appear 
to favour the assignment suggested in the present work. 
As indicated in Fig. 7 no transitions between the ground state and one of 
the higher lying states were observed. If it is assumed that the transitions are 
induced via ionic effects (More et al., 1973i Bates et al., 1976), the selection 
rules imply that the only allowed transitions are A * E and Τ •* T transitions. 
Although this may explain the absence of ground state transitions 
(because with the technique used in this work only magnetic field 
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table 2. g-factors for resonances observed in MgO:Cr 
line 
al,2 
Cl,2 
e 
f 
g 
h 
i 
j 
theore-
* 
tical 
g-value 
1.98 + 0.02 
-1.93 + 0.02 
1.97 + 0.02 
-2.00 + 0.02 
2.00 + 0.03 
-2.00 + 0.03 
2.00 + 0.05 
-2.00 + 0.05 
1.00 (T ) 
0.941 (T2) 
* (Fletcher and Stevens, 1969; Ham 1971, S=17.2 cm ;D=2.87 cm ) 
table 3. Line width of some resonances observed in MgO:Cr 
line 
ai 
a2 
Cl 
C2 
e 
f 
j 
line width in G 
150 + 20 
160 + 20 
130 + 20 
150 + 30 
1 6 0 + 2 0 
310 + 40 
240 + 40 
dependent transitions are observed) it fails to explain why the 
T. •* A and E •* T_ transitions were observed. On the other hand, if 
the selection rules are those for electric dipole transitions and the 
parity rule is lifted, e.g. by small strains mixing in higher levels, 
or those for magnetic dipole transitions, then all the transitions 
observed are allowed apart from T. •* A. but also A. -*· Τ would be 
allowed. For electric quadrupele transitions all transitions are 
allowed but then also A. •* Τ would be allowed. The absence of ground 
state transitions may however partly be explained by the magnitude of 
the relaxation times involved in these transitions (see below). 
In summary, the conclusion that the energy level scheme presented 
in Fig. 7 agrees with previous experiments seems justified. 
4.2 Line splitting and g-values 
According to the energy level scheme given above, all the observed 
transitions are related to the two lowest triplets Τ and T.. A magnetic 
field splits these triplets. According to Fletcher and Stevens (1969), and 
Наш (1971), in the absence of strains and for small magnetic fields, the 
triplets split linearly and isotropically. This prediction is confirmed 
by the experimental results. However, by substituting the experimentally 
found values of І(ЗГ) and D(K/2) in the theoretical expressions for 
the g-factors, one finds 1.000 and 0.941. This is in substantial dis­
agreement with the measured g-values (Table 2). No satisfactory expla­
nation for this disagreement was found. It should be mentioned that, 
using the same samples and the same experimental set-up, resonances due 
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3 kTIcnf1] 
Flg. θ : Temperature dependence of the line Intensity of the 
transitions a.,c.,e and g of Fig. 6. The drawn curves are from 
theoretical calculations. The resonance fields at which these 
lines were observed are indicated in the figure. The sample 
used for these measurements was sample A after its reduction 
treatment. 
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to other Impurities (Cr and Fe ) yielded g-factors In good agreement 
with both theoretical predictions and other experiments (de Kort et al., 1979). 
The possibility of an experimental error can therefore be ruled out. 
4.3 Temperature dependence of the line intensity 
In Fig. 8 the measured line intensities as function of the tempe­
rature are compared with calculated temperature dependences. The 
latter are taken as the line intensities relative to those at the 
highest temperature used, as follows from the temperature dependence 
of the population difference of the levels involved in the transition 
under consideration which is given by the Boltzmann factors. It is 
shown in Fig. β that the agreement with the experimental results is 
not unreasonable. 
Although the scatter of the data is rather high a clear conclusion 
can be drawn about which of two lines shows a larger temperature 
dependence. Only this result was used in the construction of the 
energy level scheme. 
4.4 Line shape and line width 
Table 3 gives the measured line widths of the observed resonances-
It was not possible to determine unambiguously a line width for the 
highly assymetric lines of the resonances starting from 8.66 cm 
For the line b, which varies quadratically as a function of the 
magnetic field, a magnetic line width ΔΗ was found which varies 
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as the inverse of the magnetic field at which the resonance occurs. 
Therefore, as arged in section III, for line b 
the frequency line width Δ\ι is independent of the magnetic field. All 
the other resonances gave magnetic line widths which were independent of 
the field so that their Δ\ι is also field independent. 
In the region between 1.5 К and 4.2 K, the line widths of all the 
resonances were found to be independent of the temperature. 
All the resonances given in Table 3 have as their highest energy 
level the middle triolet Τ of Fig. 7. For all these resonances, the 
line width is about the same. This is consistent with the general idea 
that the life-time of the trinlet levels determines the width of these 
-9 
lines. This leads to a life-time of about τ = 3x10 sec for this level 
which is probably the time to relax to the lowest triplet state. It is 
well known that the relaxation times between Τ and E,A levels are relatively 
long (Fletcher and Stevens, 1969), and this may be the reason why no transitions 
between the ground state and the first triplet have been observed. The life­
time of this state may be too long, leading to such a narrow line width 
that the observation of this transition is obscured. The peculiar 
shape of the Θ.66 cm resonance could conceivably be due to strains, 
but it is hard to see why these same strains do not influence the line 
shapes of the other resonances. Another remarkable feature is the 
double resonances starting from 4.66 cm . If it is assumed that this 
double resonance is a consenuence of the presence of Cr isotooes it 
would seem likely that the resonances startinn from 3.22 cm should 
show a similar behaviour, which is not observed. The most reasonable 
explanation for the double resonance is a small splitting of the T. 
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and Τ triplets in E and A states. This splitting is of the order of 
the observed distance within the doublet. Finally it is possible that 
the difference in line shape between resonances (g.h) and all the 
other resonances arises from a different excitation mechanism for the two 
resonance types (e.g. electric dipole transitions versus transitions 
induced by other mechanisms) (cf. section 4.1). 
The major conclusion that can be drawn from this analysis is that 
-9 
an upper limit of 3x10 sec can be set for the life-time of the middle 
triplet. The measured temperature independence of the line width 
suggests, that some broadening mechanism is present and that therefore 
the real life-time of this triplet will be shorter. This agrees with 
earlier experimental and theoretical considerations on the life-time 
2+ 
of Cr levels (Fletcher and Stevens, 1969). 
5. Conclusions and sunmary 
The transitions induced by electromagnetic radiation among the 
levels of Cr in a MgO host lattice have been studied for the first 
time in the experimentally difficult but important region from 1 cm 
to 10 cm with high sensitivity and high resolution. The magnetic 
field dependence and the temperature dependence of these resonances 
have been studied. From these experimental results the energy level 
scheme of the lower levels has been obtained. This scheme is in good 
agreement with orevious measurements from the literature and also with theore­
tical results (Fletcher and Stevens, 1969; Ham, 1971). For the latter, the 
relevant parameters by which the levels can be characterized are then found to be 
4(3Γ) - 17.2 cm' , D(K/2) - 2.87 cm' and Β(β) > 0. These parameters are 
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roughly consistent with the results of Lange (1976), Hason. King, Murphy and 
Hampton (197Θ), and Patel and Wlgmore (1977), although the latter find a larger 
value for 3Γ. However, the g-factors measured are not In agreement with 
the existing theories. No satisfactory explanation for this was found. 
The temperature dependence of the resonances is consistent with 
calculations based on the experimentally determined energy level scheme. 
_9 
The measured line width suggests an upper limit of 3x10 sec for the 
life-time of the middle triplet. As some of the energy levels are 
dependent on the magnetic field, these findings for the levels and the 
2+ life-time suggest that the Cr ion system may be worth exploration as 
a possible tunable monochromatic phonon source in the region from 30 
to 300 GHz. 
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CHAPTER V 
INYÏ:STIGATION_OF_THE_FAR_I№EARED_PROPERTIES_OF
=
SUP!R 
FILMS 
ABSTRACT 
Measurements are presented on the far-infrared properties of super­
conducting mercury films. On the basis of a careful analysis of the 
electrodynamic properties of a two layer system (film and substrate), the 
electrodynamic response function σ = σ - ισ. of superconducting mercury 
is determined from simultaneous absorption and transmission measurements. 
It can be concluded that strong-coupling effects are important, and they 
manifest themselves in deviations of σ from the usual weak-coupling 
BCS-behaviour. Clear evidence is given that the absorption (or equivalent-
ly σ ) is equal to zero below the gap frequency, contrary to results 
found earlier. From the measurements it is concluded that freshly evapora­
ted mercury condenses first as a non-conducting layer and then in the 
form of ß-mercury. The energy gap of ß-mercury is measured to be 
ν = 1 4 . 5 + . 2 c m leading to a parameter hu /kT = 5.3 which is higher 
than the value of most other known superconductors. 
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1. Introduction 
In the celebrated Bardeen-Cooper-Schneffer (BCS) theory of supercon­
ductivity t 1 ] , the complicated dynamics of the electron-phonon interac­
tion, considered to be responsible for superconductivity, is approximated 
by an average constant matrix element. The results obtained in this way 
depend upon only one parameter, the transition temperature, and lead to 
the well known law of corresponding states. However, in order to study 
the particular properties of specific superconductors, the detailed nature 
of the electron-phonon coupling has to be taken into account (strong-
coupling effects). The theory of strong-coupling superconductors involves 
the solutions of a complicated manybody problem and has been pioneered by 
Eliashberg [ 2 ] and others [ 3 ] . By taking into account properly the 
energy dependence of the electron-phonon interaction, it is possible to 
explain deviations from the law of corresponding states, characteristic 
for specific materials. Strong coupling effects in superconductors have 
been the subject of many reports during the last couple of years [ 4 ] . 
Most of these studies have been concerned with thermodynamic properties, 
i.e. the relation between H and Τ , or with tunneling experiments, where 
the energy dependence of the electron-phonon interaction can be determined 
directly with the help of the Rowell-McMillan scheme [5 ] . However, it is 
also possible to see specific strong-coupling effects with far-infrared 
spectroscopy. This has been realized and done for the first time by 
Palmer and Tinkham [ 6 ] for the case of Pb, and elaborated by Harris and 
Ginsberg [ 7 ] for Bi and Ga. It is the purpose of this paper to report 
similar experiments on the far-infrared properties of Hg. 
Mercury is one of the model substances for strong-coupling behaviour 
("bad actor") [Θ ] . Its thermodynamic properties have been studied exten­
sively [ 9-14 ] and tunneling experiments have shown clearly the typical 
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strong-coupling behaviour (15,16 ] . In addition, Hg was studied extensively 
in the early days of far-infrared spectroscopy by Tinkham and collabora­
tors [ 17-19 ] , together with Pb, the other model substance for a strong-
coupling superconductor. These far-infrared experiments showed that both 
in Pb and Hg there existed a structure m the absorption below the gap 
frequency, which may or may not have something to do with the strong-
coupling behaviour or is possibly due to collective excitations. Subse­
quently, a considerable airount of theoretical discussions [ 20 ] were 
devoted to analyse this precursor. Since then, the case of Pb has been 
examined thoroughly [6,19,21-25 ] and it has been concluded that in lead 
films or foils there is no absorption below the gap frequency at low tem­
peratures within the limits of the experimental accuracy. In addition, it 
has been shown that the measured electromagnetic response of these lead 
films [ 6 ] is consistent with theoretical strong-coupling calculations of 
Nam [ 26 ] , who incorporates the phonon interaction and the detailed phonon 
spectrum of lead. 
However, since the pioneering work of Ginsberg, Richards and Tinkham 
[ 17-19 ] , far-infrared measurements of Hg have not been explored any 
further, despite the considerable amount of problems still to be solved. 
The work described in this paper deals with the simultaneous measurement 
of the absorption and transmission of Hg films as a function of frequency 
in the spectral range of 8-100 cm . A suitable data analysis allows to 
get the real and imaginary part of the complex electrical conductivity 
о = σ - ισ from the independent absorption and transmission measurements. 
The experiments allow a clear determination of the energy gap in Hg, and 
a value of 14.5 +_ 0.2 cm is obtained for most films. This value is 
somewhat higher than the one found in tunneling experiments [15,16 ] 
(leading to 13.5 +_ 0.1 cm ) and the one seen in the earlier far-infrared 
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experiments (where a value of 13.6 + 0.5 cm was found). The value of the 
gap frequency was found to be almost independent of the thickness of the 
films in the region investigated (^  70-100 A) . Faually, the annealing of 
the films had no big influence on the gap frequency if the annealing was 
done at not too high a temperature. Measurements of the critical tempera-
ture, the observation of a sudden temperature rise before the films 
become conducting, and - tentatively - effects due to the change in the 
phase of the radiation at the substrate-mercury interface lead to indica-
tions that Hg, freshly evaporated at low temperatures, grows first as a 
non-conducting material, and that for film thicknesses of d > 60 A ¡3-
mercury, a crystallographic modification [ 9 ] , is formed, in agreement 
with previous work on thin mercury films [ 10-14,27 ] . Upon annealing, 
first the nonconducting part of the film converts to ß-mercury, and if the 
annealing is performed at sufficiently high temperatures, the film con-
verts to the α-phase. From the behaviour of the complex conductivity as 
a function of frequency, the following conclusions can be drawn: 
1) Within experimental accuracy, no absorption or precursor can be found 
in Hg below the gap frequency. 
2) Strong-coupling effects are important in the far-infrared properties 
as well in Hg. 
3) Freshly evaporated Hg, and films which are rot totally annealed, are 
composed of B-Hg having an energy gap (^  14.5 cm ) which is larger 
than the energy gap in a-Hg, although Τ is somewhat lower. 
2. Electrodynamics of a two layer system 
From a theoretical point of view, a material to be studied by electro­
magnetic radiation, i.e. a superconductor, is usually characterized by a 
response function σ, defined by j = σΕ where j is the current density and 
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Fig. 1. Geometrical situation for the electrodynamic 
analysis of a two layer geometry. 
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E the electric field. The appropriate quantum mechanical theory, i.e. the 
BCS-Eliashberg theory of strong coupling superconductors, is then able to 
calculate σ. Experimentally, one usually measures the absorption A, trans­
mission Τ or reflection R of the system to be investigated, i.e. a super­
conducting film together with a substrate which carries the film. It is 
the purpose of this section to derive with the help of Maxwell's equations 
very general relations between A,T,R, the optical constants of the sub­
strate, and σ. It is then possible to reduce the experimentally measured 
quantities to σ, which can be compared with the theoretical predictions. 
Relevant to our experiment is the situation shown in Fig. 1, i.e. a 
superconducting film on the rear side of a non-conducting medium. The 
high-frequency electrodynamics of similar systems have been treated by 
many workers [ 28-32 ] . However, no general solutions are available for 
this experimentally rather important configuration. In our analysis, we 
will follow a concept introduced by van Gelder [ 33 ] which allows to in­
clude interference effects and the effects due to the absorption within 
the substrate in a rather simple way. These effects have usually been 
neglected or have been treated in a semi-qualitative way in earlier con­
siderations t 28-32 ] . 
With the help of the response functions of the system (i.e. materials 
1 and 2, see Fig. 1), the Maxwell equations inside the systems can be 
reduced to one equation for the electric field inside the system. Through 
the boundary conditions imposed on the system, this equation has a unique 
solution which leads directly to the experimentally measured quantities A, 
Τ and R. Followinq van Gelder [ 33 ] , we will use a notation whare a one-
-> »? imt -> -* 
sided Fourier transform is introduced by A(z) = J dte <A(r,t)>, where 
о 
-»•-»• •+ -* 
the quantity <A(r,t)> is the average of A(r,t) averaged over χ and y in 
the plane ζ. 
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If the material is a metal, the application of an electric field E 
leads to a current j, and in the most simple case of local electrodynamics, 
the current is proportional to the electric field. If we choose the elec­
tric field along the x-direction than one gets 
U (ζ) = σ(ϋ))Ε (ζ) , (2.1) 
χ χ 
where σ(ω) is the conductivity. Inside the metal, the Maxwell equation is 
then written as 
2 2 
t^-J + ^ l E
x
<
z
> = - ιων
ο
σ(ω)Ε
χ
(ζ) , (2.2) 
dz с 
where с is the velocity of light, ω is the frequency and ν is the permea­
bility of free space. Here, it is assumed that an electric field along 
the x-direction does not produce a currert in the y-direction and vice 
versa. If local electrodynamics must be abandoned (e.g. in the case of a 
long mean free path î. a linear relationship between the Fourier compo-
nents ] (k) and E (к) has to be used, and one gets (see f.1. ref. [ 33 ]) 
D (k) = σ(ω,Κ)Ε (к) . (2.3) 
χ χ 
The Maxwell equation for the Fourier components becomes: 
~ ~ dE (z) 
[k -(-) ] Ê (k) = ιωμ а(ш,к)Е (к) + 4 — | (2.4) 
e x о χ dz ' 
z=0 
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In the case of an insulator, the applied electric field gives rise to 
a polarization and again in the most simple case of a linear relationship 
between the polarization Ρ and the electric field we get: 
Ρ (ζ) = (ε(ω)-ε )E (ζ) , (2.5) 
χ ο χ 
where ε(ω) is the dielectric constant of the insulator and ε is the 
о 
permittivity of free space. This leads to the following equation for the 
electric field: 
7 T E x ( z ) = - ! T f - E x ( z ) · ( 2 · 6 ) 
dz с о 
In the case of nonlocal electrodynamics, we get for the Fourier components· 
Ρ (к) = (ε(ω,Κ)-ε )E (к) (2.7) 
χ ο χ 
τ ~
 2
 / ^ ~ dE (ζ) 
k 2 È (к) = ^ - ^ Ü I E (к)
 +
 4 - 2 _ |
 п
. (2.8) 
χ 2 ε χ dz 'z=0 
с о 
We now analyse the situation of Fig. 1 where there is an Incoming wave 
with a component E of the electric field along the x-direction, and a 
component В of the magnetic field along the y-direction. We now introduce 
a rather important assumption: It is assumed that [ 33 ] the Hamiltonians 
in materials 1 and 2 are symmetric about the respective midplanes 
ζ = L /2 and ζ = -L /2 where L and L are the thicknesses of the two 
materials respectively. This assumption constricts the applicability of 
these calculations to insulator-insulator and conductor-insulator confi-
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gurations as it imposes divF=0 and div]=0 at the interface, excluding a 
metal-metal configuration where a current flows through the interface. 
Because of this assumed symmetry, it is obvious [33] that there exist two 
types of solutions within materials 1 and 2, one of which is even (+) and 
one of which is uneven (-), with respect to the z-component, about the 
respective midplanes of 1 and 2. The notation will be such that the even 
mode of the electric field inside material 1 will be written as E (z) and 
the uneven mode as Ε (ζ). Similar notations are used for the electric 
fields in material 2 and the corresponding magnetic fields. The incoming, 
1 1 r r t t 
reflected and transmitted fields will be written as E ,B ; E ,B and Ε ,B 
respectively. For these fields Maxwell's equations lead to: 
E 1 = -cB1, E r = cB r and E 1 = -cB*1 . (2.9) 
For the calculation of A,Τ and R in terms of σ and ε it is convenient to 
introduce the following quantities, of which the F's are related to the 
more familiar surface impedances: 
± d V z ) ± , + ± 
F
"l Ξ-ΊίΓ-/ V 2 ' ^ Ε2 Ξ Ε2 ( 0 ) 
± dE"(z) ± ± / E.(z) . B, = B,(L.) (2.10) 2 " dz ' 2 V ' ^ =0 1 1 1 
Ε
ί
 Ξ
 VV B±2 Ξ Β ± 2 ( 0 ) 
The fields outside the materials 1 and 2 can now be expressed in terms of 
the fields inside the materials with the help of the usual boundary con-
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ditions: 
B 2 + B 2 = B+l • 
В^ - Bj -
-
B ï 
•
B
~2 
i r + - i r + -
E + E = E + E В + В = В + В 
Е 2 + Е 2 = Е 1 - Е1 В 0  В 0 = В, - В, (2.11) 
t + -
E = Е 2 - Е 2 
The electric and magnetic fields inside materials 1 and 2 are connected 
_ go 
through the Maxwell equation (VxE) = - -τ-- , leading to 
σ t 
ішВ (ζ) = τ - Ε (ζ) ΙωΒ. (ζ) = | - Ε | , ( Ζ ) . (2.12) 
1,2 dz 1,2 1,2 dz 1,2 
If these expressions for the magnetic fields are substituted in Eq. (2.11) 
and using the definitions of Eq. (2.10) we get: 
+ 
c E , c E , 
ι r + „ i r l i 
E + E = E, + E, - E + E = + 
I l . - . „ + 
lülF IDF 
+ 
E E 
E2+E~2 = El-E~l І + "Τ = Eî/Fï - Е Х ( 2 Л З ) F F 2 2 
t + - t - , - + , + 
E = E, - E E = CE /iiuF + CE /iuF2 
E /E and E /E can now be expressed in terms of F , F , F and F . This 
1 ead s to : 
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E 1 " 0 ' 
— = J , with 
α = ішс(г| + F~) (F* - F^) 
В = (F| + F~) (ω^^Γ^ - с2) + (F^ + F^) ' ω 2 ^ ! " ^ 2' + (2.14) 
iiDCtFj + F~) (F^ + F~) + 2ιωο(Ρ^Ρ~ + F^F") 
Y = ( F2 + F 2 ) ( Î J 2 FI FÏ + c 2 ) + (F1 + F l ) ( ω 2 ρ2 Ρ2 + c 2 ) + 
2I UC(F|F~ - F^F^) . 
From this A,Τ and R are calculated by using the definitions of these 
quantities: 
Τ = |E t/E 1| 2 R = | Е Г / Е 1 | 2 and A = 1-T-R . (2.15) 
As can be seen by inspection of Eq. (2.14) the interchange of the materials 
1 and 2 does not change α and ¡3, but it changes the sign of the last term 
in γ. Therefore, Τ remains unchanged by this interchange, but R is changed, 
and by virtue of Eq. (2.15) A has to change as well. 
We now have to solve the equations for the electric fields inside 
materials 1 and 2 in order to express F , F , F and F in terms of the 
microscopic properties of materials 1 and 2. Here we limit ourselves to 
the experimental situation of a dirty metal film (short mean free path I) 
on the rear side of a substrate, where local electrodynamics can be used. 
However, it should be emphasized that Eq. (2.14) applies to the more 
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general situations of non-local electrodynamics, where F can be expres-
sed in terms of the Fourier components at z=0 of the functions 
+ +
 dE^tz) 
— — χ 
F, _(z) Ξ E (z)/(— ) _, involving the Fourier components of the 1,2 χ d z z=U 
r e s p o n s e f u n c t i o n s σ(ω,Κ) o r ε(ω,1ί) ( s e e r e f . [ 33 ] ) . In our l o c a l c a s e , 
we g e t from Eq. ( 2 . 6 ) f o r b o t h submodes Ε (ζ) and Ε (ζ) 
2 2 
^ - j E^tz) = - ^ f" Ε ΐ < ζ ' · ( 2 . 1 6 ) 
dz c o 
By applying the boundary conditions to each submode (i.e. E (L ) = E (0), 
and E (L ) = -E (0)) the values of F and F are readily found to be 
F | = i- tanh (a1L /2) 
F" = — coth (a.L,/2) with (2.17) 
l a 1 1 
(•-ω ε (ω)-ι Ь _ . 
а = (— ) = ιω/c (η(ω) + ік(ш)] , 
с о 
where the diffraction indices of the substrate are defined in the usual 
way by V - = η + ik. Similarly, Eq. (2.2) holds for each submode inside 
о 
the metal film: 
2 2
 ± ± 
[— + Ц^- ] Ε. (ζ) = -lüjy O(CL)E,(Z) . (2.1Θ) 
, 2 2 2 o ¿ dz с 
Again imposing the boundary conditions (E (0) = E (-L ) and E (0) 
-E.(-L,)) one gets 
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F2 = I ¡ t a n h ( a2 L2 / 2 ) 
F" = — coth (a„L_/2) with (2.19) 
¿ a ¿ ζ 
с 
In the frequency region of the present experiment, the relation 
2 2 
—- << | ιωμ σ(ω) | is satisfied. Therefore the term —^ - in the expression 
с с 
for a can be neglected. Furthermore, for thin and dirty metal films one 
has |a L | << 1 which reduces Eq. (2.19) to: 
+ 2 -2 L2 
F, = ~ = ~ - , and F. = - ¿ s о . (2.20) 2 2 ιωμ aL_ 2 2 
a 2L 2 о 2 
In the case of a non-absorbing substrate (k=0), insertion of Eq. (2.20) 
and Eq. (2.17) into Eqs. (2.14) and (2.15) gives 
A/T = cL 2u 0a 1 . (2.21) 
Therefore, this ratio is directly proportional to σ . In addition, it is 
seen from Eq. (2.20) that the response of a thin and dirty filn is deter­
mined by n(a.L ) , which is equal to R , the resistance per square for 
a normal film in the limit ωτ << 1. Therefore, as long as the assumptions 
leading to Eq. (2.20) apply, the thickness of the film is not relevant for 
the response to an electromagnetic field. In the following sections we 
have made explicit use of Eqs. (2.14), (2.15), (2.17) and (2.20). 
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3. Experinental set-up and experimental procedures 
3.1 Far infrared sources 
For most of the measurements a commercially available Grubb Parsons 
interferometer [ 34 ] was used as a source for the far-infrared radiation. 
Using two different bean-splitters, the spectral range from 8-100 cm 
was covered by this apparatus. The particular range of each beam-splitter 
depended on the signal to noise ratio, which in turn was given by the 
thickness of the superconducting film and the applied magnetic field. It was 
also of some important e if the absorption signal or the transmission 
signal was considered. The rather low high-frequency limit was caused by 
the cut-off frequency of a cold filter, which was used to prevent extra 
sample heating by room temperature radiation. The interferometer was used 
in the phase modulation mode. As an independent check, some measurements 
have been done with the help of a RIIC lamellar grating interferometer 
-4 
with grating constant 2x10 m [ 35 ] , and a simple grating monochromator 
[ 36 ]. These additional measurements were consistent with the results of 
the Michelson interferometer, although the results from the monochromator 
indicated an apparent higher absorption below the gap edge, due to bad 
filtering and higher order radiation [ 24 ] . For measurements at extreme 
low frequencies (< 15 en ), a microwave monochromator with frequency 
multiplication was used [ 37 ] as a source. In this case, it was impractical 
to have frequency sweeps, and therefore absorption and transmission were 
measured as a function of magnetic field at constant and preset frequency. 
As a check, some control measurements were performed at lower temperatures, 
where He was used as a cooling agent, with the help of the RIIC lamellar 
grating interferometer. 
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1. filter housing 
2. cooled quartz filter 
3. filter holder 
4. copper lightpipe 
5. vacuum can 
6. rotator shaft 
7. silicon substrate 
8. substrate housing 
9. rotatable cylinder 
10. light cone 
11. silicon bolometer 
Fig. 2. Cross-sectional vieuw of the cryostat-insert showing 
details of the light-path in the lower part of the system. 
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1. filling tube 
2. evacuation tube 
3. zeolite holder 
4. room filled with zeolite 
5. heat contact 
6. radiation shields 
7. heat exchanger 
8. small Helium can 
Fig. 3. Cross sectional vieuw of the cryostat-insert showing 
details of the construction of the seperate cooling unit, 
driven by a zeolite pump. 
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3.2 The cryostat insert 
Our experimental system was constructed m such a way that it allows 
the in situ evaporation of Hg films onto silicon (Si) substrates, and that 
it is possible to perform simultaneous measurements of the transmission 
and the absorption of the substrate-film arrangement. Instead of the more 
commonly used quartz, high purity Si is chosen as material for the sub-
strate, because Hg is known to forn uneven deposits on quartz [ 18 ] . Also 
Si has a low absorption coefficient in the far-infrared [ 38 ] , has a 
reasonably good thermal conductivity and a low heat capacity [ 39 ]. The 
far-infrared radiation is guided into the system with the help of oversized 
wave-guides [ 40 ] . A superconducting coil is used to bring the films under 
investigation into the normal state. 
The cryostat insert, used to perform the measurements on the super-
conducting Hg-films, is shown in Figs. 2 and 3. The insert is constructed 
in such a way that it allows the evaporation of 4g films in a simple and 
convenient manner. This leads to a geo-netry where the film has to be eva-
porated on the rear side of the substrate. The detailed construction of 
the evaporation source is pictured in Fig. 4. The evaporation source con-
sists of a pyrex cup, which can be heated by a simple resistance heater 
and which is glued onto a stainless steel pen. In turn, this pen is sol-
dered to a rotatable copper housing. The dimensions of the stainless steel 
pen are lxlx.2 mm , leading to a rather low heat conductivity of the oen. 
This conductivity is chosen in such a way that on the one hand it takes 
a low heat input (^  0.2 W) to heat the mercury (placed in the pyrex cup) 
from liquid He temperatures to room temperature, but on the other hand it 
has also to be possible to cool the pyrex cup from room temperature down 
to low temperature within a reasonable short time of about 20 minutes. 
After film evaporation, the housing of the pyrex cup is rotated until an 
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Flg. 4. Details of the substrate mounting, connections and the 
evaporation source. 
1. lightpipe 
2. tufnol insulation 
3. gold wire (0 0.1 ram) 
4. manganine wire (0 0.5 mm) 
5. molybdenum contact 
6. silicon substrate 
7. pyrex can 
8. heater 
9. stainless steel pen 
10. mercury droplet 
11. copper cylinder 
H2 
empty copper cylinder replaces the cylinder with the evaporation source 
(see Fig. 4). This set-up leads to tne possibility to measure the trans­
mission of the evaporated Hg films. The absorption of the film is measured 
directly by its warming up with the help of a very sensitive bolometer, 
used as thermometer, located outside the lightpipe. Details of the con­
nection of this thermometer with the Si substrate, together with the con­
tacts on the substrate, are shown in Fig. 4. In order to avoid amalgamation, 
tne electrical contacts (one of which is shown in Fig. 4) with the Hg film 
are made of molybdenum (Mo). They have been evaporated onto the substrate 
prior to its mounting in the cryostat insert and they were arranged in 
such a way that it is possible to measure the film resistance during the 
evaporation process. Subsequently, -neasurements of tne resistance are used 
to determine the critical field (H ) and critical temperature (T ) of the 
film. 
The bolometers are made of Si doped with phosphorus (P) and antimony 
(Sb). The dope concentrations are chosen in such a way as to give a resist­
ance of a few hundred ΚΩ at the bolometer« operating temperature. Both, 
bolometer and substrate are cooled by a small can which can be filled 
4 3 
with He or He and which is thermally isolated from the remainder of 
the cryostat insert (see Fig. 3). This construction allows measurements 
4 3 
at ^ 1.4 К with He and at ^ 0.5 К with He . After the condensation of He 
in the small can, the He is pumped by a zeolite pump, also shown in Fig. 3. 
The zeolite pump is cooled by the outer He bath with a copper wire 
(0 = 0.3 mm). During the measurements, the whole cryostat is immersed in 
liquid He pumped to ^ 1.4 K. 
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3.3 Experimental procedures 
The procedure to perform the experiments is rather elaborate and 
tricky. It is started by cooling the zeolite to a temperature below 35 K. 
Then the inlet valve to the zeolite pump is slowly opened. After the 
zeolite has pumped a certain amount of gas (typically 1.5 Itr. s.t.p.), 
the inlet valve is closed and the zeolite is heated to about 40 K. At this 
temperature, the pumping ability of the zeolite for He has almost dis­
appeared, and the pressure in that part of the cryostat has risen above 
the condensation pressure. Condensation inside the condenser has then 
started, and the liquified gas starts to cool the small He can. Once this 
can is sufficiently cooled, the liquid remains, and the heating of the 
zeolite can be stopped. Subsequently, the zeolite is cooled down again 
and starts pumping,- the small can is cooled further until the thermal 
equilibrium is established. This whole process takes normally about 30 
minutes. When the temperature, as monitored with the bolometers used as 
thermometers, is stable the far-infrared experiment can be started with 
the measurement of the absorption and transmission of the bare substrate, 
from which the optical parameters η and к of the substrate are derived. 
The resistance and the sensitivity of the bolometers have to be checked 
from time to time in order to make corrections due to small drifts during 
the measurements. The signals of the two bolometers are fed in two PAR 
186 lock-in amplifiers, whose dc output is converted and punched on tape 
for digital data reduction, i.e. Fourier transform and data handling with 
a PDP-11 laboratory computer. The chopping frequency of the radiation is 
typically between 6 and 23 Hz. 
Once the measurements of the substrate are completed, the evaporation 
of Hg to form a film is started by heating the pyrex cup. The temperature 
of the cup rises to the melting point of Hg (234 K) and then stays constant 
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for a wmle until all the Hg is liquified. Then the temperature rises 
again. After the Hg has been heated to -ъ 270 К, the evaporation source 
is rotated inside the lightpipe. This results in a sudden increase of the 
substrate temperature, followed by a -nore gradual increase. This goes on 
for about 2 to 20 minutes during which time no resistance of the film can 
g 
be detected (> 10 Ω). Then suddenly the substrate temperature starts to 
increase followed by a decrease, and at that very moment the formation of 
a conducting film on the substrate is started as can be seen fron monitor­
ing the resistance. As soon as the desired resistance of the film is 
reached, the evaporation source is rotated outside the lightpipe, and the 
heating is stopped. Then it takes about 30 minutes until the measurements 
on the film can start. During the whole evaporation process the tempera­
ture of the zeolite is kept at ъ 30 К to maintain condensation of He in 
the small can, in order to keep a low temperature of the substrate. During 
the cooling down of the freshly deposited film its critical temperature Τ 
is measured. Then, the first spectra of the Hg film were recorded with 
zero magnetic field, in order to avoid problems with frozen flux, i.e. no 
magnetic field was applied before the superconducting film was measured. 
4. Data reduction 
It is the main purpose of this experiment to get the two parameters, 
the real and imaginary part of the complex conductivity σ(ω)=σ (J)-ισ (ω), 
of the superconducting Hg films from the two independent measurements of 
the absorption and transmission. Unfortunately, the analysis of the ex­
perimental results is highly involved as the measured signals are deter­
mined by much more than the complex conductivity of the metal film alone. 
The most important problems are the frequency dependence of the input 
power of the far-infrared sources and the light guiding system, the fre-
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quency- and magnetic field-dependence of the sensitivity of the detection 
system and the fact that the absorption or transmission of the configura­
tion consists of substrate and film. 
The signal 3(ω) can be written as 5(ω)=0(ω). Ρ(ω), where Γ(ω) is the 
frequency dependent input power combined with the sensitivity of the de­
tectors, and G(üj) contains all the other contributions. By using only the 
ratio of two signals, the frequency dependence of the input power drops 
oat, provided that this frequency dependence does not change between the 
spectra of which the ratio is taken. The sensitivity of the detectors 
varies slowly with time, therefore a careful analysis of the sensitivity 
has to be made. 
Changes in sensitivity of the bolometers are mainly due to variations 
in the operating temperature, and due to effects caused by the applied 
magnetic field. The signal Л of a bolometer is given by Д =І(dR/dT)·ΔΤ, 
where I is the bias current, dR/dT the derivative of the resistance at the 
operating temperature and ΔΤ the change in temperature of the bolometer 
due to the incident radiation from the far-infrared source. The bias 
current is given by V /R where V is the bias voltage over the bolometer, 
and the change in temperature is given by ΔΤ=Ρ/Λ where Ρ is the incident 
power and Λ the effective thermal conductance to the heat sink. Λ is mainly 
determined by the thermal contact between the substrate and the gold wire, 
wnich is used as the heat link; therefore Λ is not very sensitive in the 
temperature region of the operating temperature. For a Si bolometer, the 
2 
relation (1/R)(dR/dT)=aT-b/T is valid to a good approximation; the con­
stants a and b can be determined from direct measurements of the bolometer 
resistance R as a function of the temperature T. This relation can then 
be used for corrections to the drift of the sensitivity caused by changes 
of the temperature. If a magnetic field was applied, the sensitivity of 
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the bolometer changed as well. Part of this change is caused by the mag-
netoresistance of Si, and part of it is caused by a change in the opera­
ting temperature, due to effects of the magnetic field on the overall 
thermal conductivity of the systen. Again these effects could be taken 
into account and corrected for by a careful calibration and an application 
of the analysis as given above. As an illustration, Fig. 5 and Fig. 6 show 
typical signals for one set of measurements, where these corrections of 
the sensitivity of the bolometer systen have been taken into account, 
apart from a constant factor for the absorption spectra and a constant 
factor for the transmission spectra. 
As we have shown m the electroaynamic analysis of the experimental 
situation discussed m section 2, it is important to know the optical 
constants η(ω) and к(ω) of the substrate. Figs. 7 and 8 show the measure­
ments of the absorption and transmission of a plane parallel Si substrate 
(0 13.6 mm, d = 0.259 mm) with a Hg film in the superconducting state and 
normal state (the film is driven normal by a supercritical magnetic field). 
As the peaks and the dips in the interference pattern are equidistant over 
the frequency range investigated (8-100 cm ), it can be concluded that 
the refraction index η(ω) is constant and independent of frequency. This 
is in agreement with careful studies of the optical properties of silicon 
in the far infrared region [ 38 ] . Therefore, as follows from the formulas 
derived in section 2, the ratio of the absorption (A , ) and the trans-
sub 
mission (T , ) of the bare wedge-shaped substrate (0 13.6 mm, d = 0.1 -
sub 
0.2 mm) contains only к(ω) as a frequency dependent parameter and its 
frequency dependence can be determined directly from the ratio A /T 
(Fig. 9). In order to get absolute values for к (ω), the ratio (A ,/A )/ 
sub η 
(Τ , /Τ ) was used, where A is the absorption of the substrate with a 
sub η η 
film in the normal state and Τ the corresponding transmission. It follows 
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Fig. 8. Measured absorption spectra Α(ω)χΡ(ω) for a plane 
parallel substrate with normal film {a) and substrate with 
superconducting film (+) together with a calculated curve 
assuming weak coupling conductivities and F(ω) = 1. The 
maximum of the calculated curve is scaled to the maximum 
of A([i))xF(u>). Α(ω) is the absorption of the sample and F(iü) 
is the frequency dependent input power. 
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from the analysis given in section 2 that for a thin and dirty filn the 
result depends only on the real part of the conductivity σ or the resist­
ance per square R which, J-П tarn, can be obtained directly trom the 
sq 
frequency independent ratio Τ , /Τ . The values of к(ω) derived in tnis 
sub η 
way are shown in Fig. 10; at higher frequencies, where a comparison is 
possible, these data agree with the results of Loewenstem, Smith and 
Morgan [ 38 ] . Unfortunately, no data are available for comparison at the 
low frequency end. 
In order to get a general impression about the validity of our analysis, 
in Fig. 7 and Fig. 8, besides the measured transmission and absorption 
spectra for a film on a plane parallel substrate, also theoretical cal­
culations are shown based on the analysis of section 2 and using para­
meters η(ω) = 3.383 and к(ω) = 0, and the theoretical weak-coupling values 
of σ in the local limit of the simple BCS-theory as calculated by Mattis 
and Bardeen [41 ] . Although there is a remarkable qualitative agreement, 
it is clear that the theoretical interference pattern does not match the 
experimental one, which may be due to a small error in the thickness of 
the substrate. A more serious problem arises when we compare the ratio 
A /T of a Hg film on a plane parallel substrate with the theoretical 
results of section 2, which state that this ratio is proportional to σ . 
A and Τ are the absorption and transmission of the superconducting film 
with substrate. The fact that the measured ratio A /T contains still 
s s 
wiggles (see Fig. 11) is due to the circumstance that in the derivation 
of the electrodynamic formulas in section 2 normal incidence of the elec­
tromagnetic radiation on the substrate and the film was assumed. Although 
small deviations (for the optical systems used in our experiments, the 
maximum deviation from normal incidence is of the order of 14 ) from 
normal incidence have a very small effect on the signal of a film without 
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 s 
mercury film Hg5 (1; R = 30Ω) deposited on a plane 
sq 
parallel substrate. The curves are calculated assuming 
weak coupling conductivities (2; σ BCS BCS, 
σ - ισ ) and 
BCS 
an ad hoc 'strong coupling' conductivity (3; σ = σ 
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Substrate, these deviations tend to change the shape of the interference 
pattern in such a way that this pattern isn't the same anymore for the 
absorption and transmission, whereby a wiggly interierenc3 pattern remains 
in the latio A/T. 
In order to get rid of these rather disturbing interference patterns, 
a wedge-shaped substrate was used (0 13.6 mm, d = ^ 0.1 - ^ 0.2 mm). 
Although in the measurements on the bare wedge-shaped substrate hardly 
any interference wiggles were observed (Fig. 9), as soon as a metallic 
film was deposited on the substrate the characteristic interference pattern 
showed up again, due to the change in the boundary conditions, although 
much reduced in size (Fig. 5 and Fig. 6). Also the wiggles appeared again 
in the ratio A/T, but the effect disappeared with increasing frequency 
(Fig. 9). An attempt was made to calculate the absorption and transmission 
for a wedge-shaped substrate by dividing the wedge-form into a great num­
ber of small but parallel pieces with different thicknesses and assuming 
normal incidence of the radiation. Unfortunately, the effect of non-normal 
incidence still disturbs a complete match of the calculated interference 
pattern with the experimentally observed one. As the wiggle pattern in the 
relative absorptions of A /A and Τ /Τ is almost the same for the same 
s η s η 
film, ratios as (A /A )/(T /T ) are used (if possible) in the data reduc-
s η s η 
tion process. However, it should be noted that any data reduction process 
will show some wiggles in the quantities derived, m turn, these wiggles 
give some indications on the accuracy of the theoretical analysis of the 
experimental results. 
As the last step in the data analysis, the calculations of σ (ω) and 
σ (ω) were performed. Section 2, including the sophistications due to 
wedge-shaped substrates, gives explicit but rather complicated formulas 
for the transmission and absorption of the film substrate arrangement as a 
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*
 s4 
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function of η(ω) , к(ы), R and σ(ω) = σ, (ω) - ia_(jj). Knowing the values 
sq 1 2 
for η(ω), к(ω) and R (from (Τ /Τ )), an iterative computer program 
was set up to get σ,(ω) and σ_(ω) from the measured ratios (A /A )/(T /T ) 
l ¿ s η s η 
and (Τ /Τ ) and the formulas of section 2. The iteration and self-consist-
s η 
ency of the procedure was checked in such a way that the values of σ and 
σ„ obtained from the procedure should give the experimental values of 
(A /A )/(T /T ) and (Τ /τ ) within prefixed limits. Note that σ,(ω)/σ is 
s n s n s n I n 
almost equal to (A /A )/(T /T ) as the value of к(сь) of the substrate is 
s η s η 
rather small, except at the lowest frequencies used (Fig. 12). 
5. Results 
The characteristic and most relevant properties of the Hg films in­
vestigated are given in Table 1. Films which have been annealed are in­
dicated with an asterisk. A non-annealed film has not been warmed above 
"v« 5 К after its condensation; annealed films have been at liquid nitrogen 
temperatures overnight or have been heated up to ^ 70 К during a period 
of some minutes. The perpendicular critical field Η was measured from 
cl 
the resistance transition; the field was produced by a superconducting 
solenoid. From the measured critical field Η it is possible to get an 
cl 
estimate for the coherence length ξ and the penetration depth λ (see e.g. 
[ 25 ]) according to 
Η Φ 
* 1_ C l 0 L 
0
 •) .· λ = ь4-) · ' s · 1 ) ^2ттН ) МттН 
c i c b 
-15 2 
Here, Φ is the quantum of flux (Φ = 2.07x10 Tm ) and Η is the bulk 
о ^ о с^ 
b
 -2 
critical field. At T=0, the critical field for a-Hg is Η = 4.11x10 Τ 
98 
1.60 
1 . 2 8 -
0 . 9 6 
0 . 6 4 -
0 . 3 2 - . 
20 30 
wavenumberCcm-1) 
40 
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sq 
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sq 
χ : Hg3, R 
sq non. 
99 
_2 
while for ß-Hg H = 3.39x10 Τ [ 42 ] . In our estimates of ξ and λ, a 
С
ь -2 
value of Η = 3.39x10 Τ has been used. It is possible to get an estimate 
C b 
for the value of the electron mean free path i from the coherence length ξ 
using 
о 
where ξ is the intrinsic coherence length for the bulk material. For Hg 
one gets [ 11 ] ζ - 900-1200 A; m our estimates of I, we used a value of 
о 
ξ = 1000 A. The London penetration depth λ is found from the relation 
o L 
[25 ] 
λ
τ
 = λ/(ΐ + ς /г)*5 . (5.3) 
L о 
The critical temperature Τ was measured from the resistance transition 
during the cooling-down process,- the temperature was taken at the point 
where the resistance is halfway between the superconducting and the normal 
values. The resistance R of the filns was measured by a dc two-point 
method and corrections due to the geometry have been applied in order to 
get the resistance per square. An estimate of the film thickness d is 
given using the measured R and the studies of Tsymbalenko and Shalmkov 
[ 10 ] on the relation between thickness d of freshly evaporated Hg films 
and their resistance R . The gap frequency ν (Τ) follows from the far-
sq ч H g 
infrared spectra. The gap at zero temperature ν (о) is extrapolated from 
~ ~ ~ 2 h 
ν (Τ) using the BCS-relation ν (Τ) = ν (o)(l-(T/T) ) . 
g g g 
Fig. 13 shows the normalized absorption spectra A /A for 4 different 
films deposited on a wedge-shaped substrate. The corresponding transmission 
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Fig. 14. Normalized transmission spectra (Τ /Τ ) for 4 
s η 
different mercury films, deposited on a wedge shaped substrate. 
The identification of the films is as follows, 
* 
• : Hgl , R = 20P, 
* sq 
A
 : Hg4 , R = 30Ω 
sq 
+ : Hg4, R = 370П 
sq 
χ : Hg3, R = 110Ω 
sq 
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spectra Τ /Τ are shown in Fig. 14. Note that despite the use of a wedge-
shaped substrate interference fringes are still present. Therefore great 
care has to be taken in the data analysis. The relevant parameter changed 
in the different films is not the thickness d (which is roughly the same 
for all films measured, d = 90 A + 10%) but the resistance per square R 
— sq 
which was derived from far-infrared measurements in the normal state. It 
should be emphasized at this point that due to the specific contact pro­
blems of very thin Hg films, dc measurements of R are usually not very 
reliable, as is seen by comparing columns 7,8 of Table 1. The very differ­
ent film impedances result in a completely dissimilar shape of the curves 
for Λ /A and for Τ /Τ , drawn in Fig. 13 and Fig. 14, as is to be expec-
s η s η 
ted from the theoretical analysis of section 2. Nevertheless, the energy 
gap ν (T) is well defined and independent of R for the films of which 
g sq 
the data are shown in Figs. 13 and 14. 
The relative absorption in the normal state is a function of the film 
impedance, and this can be calculated with the formula's as given in 
section 2. Fig. 15 shows the result of these calculations together with 
properly scaled experimental data on the normal state absorption. The 
resistances per square of the films used to display the experimental 
points are inferred from the transmission data and are shown as R„ in 
Table 1. Note that the accuracy of the point at the highest film resist­
ance is rather low due to the fact that the transmission in this case was 
given almost entirely by the substrate (the transmission hardly changed 
as the film was deposited). 
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Table 1. Characteristic properties of the mercury films studied. 
H and Τ are measured from the resistive transitions, ξ,λ,Л and λ
τ
 are calculated from the value of 
с. с L 
Η . R, is the resistance per square as measured with dc (2 point method) and R„ is the resistance 
cl 1 2 
per square as inferred from the transmission of the film in the normal state. The gap frequency at 
zero temperature ν (о) is determined from the measured gap frequency ν (Τ) at the measuring tempera­
ture Τ by assuming a BCS temperature dependence of the gap ν (Τ). The thickness d is estimated by 
using the data R„ of the non-annealed films and data of ref. [ 10 ] . An asterisk in column 1 indicates 
a film which was annealed. 
% С 1 2 d ν (Τ) ν (o) hv (ο) Τ 
film (Τ) ζ λ L (К) (Ω/sq) (П/sq) (A) g g — S (к) 
+ .01 (Â) (A) (A) + .03 +20% + 5 % + 20% (cm ) (cm ) с + 0.01 К 
Hg 1 
Hg i" 
Hg 2 
Hg г1* 
Hg 3 
Hg 3 Х 
Hg 4 
Hg 4* 
Hg 5* 
1.80 
0.69 
1.44 
0.72 
1.49 
0.69 
1.92 
0.79 
0.35 
140 
220 
150 
210 
150 
220 
130 
200 
300 
160 
280 
180 
270 
180 
280 
150 
260 
440 
1900 
1500 
1800 
1500 
1800 
1500 
1900 
1500 
1200 
4.05 
4.07 
3.97 
4.10 
3.82 
4.14 
3.73 
3.94 
4.29 
630 
35 
135 
20 
250 
30 
3600 
70 
30 
190 
20 
50 
10 
110 
15 
370 
30 
30 
80 
80 
100 
100 
90 
90 
75 
75 
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13.9 
13.1 
13.4 
13.0 
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0.2 
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Fig. 16. Computer results for the frequency dependence 
of σ,/σ , determined from the ratio's (A /A )/(Τ /T ) and I n s η s η 
Τ /Τ for 4 different mercury films deposited on a wedge 
s η 
shaped substrate. The identification of the computer data 
with the films is as follows, 
Hg4 , R 
Hg4 , R 
sq 
sq 
30Ω 
370Ω 
A
 : Hg3, R = 110Ω 
*
 s c i 
Y : Hgl , R = 20Ω 
1
 sq 
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Τ /Τ for 3 different mercury films deposited on a wedge 
s η 
shaped substrate. The identification of the computer data 
with the films is as follows, 
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6. Discussion 
6.1 Strong coupling behaviour in the far-infrared electrodynamics of 
Hg films 
As discussed in section 2 and 3, it is possible to get σ , the real 
part of the electrodynamic response function, from measurements of the ratio 
A /T . In fact, if the substrate does not absorb (i.e. k=0), A /T is 
s s s s 
directly proportional to σ (see Fq. (2.21)). In view of the problems due 
to interferences as discussed in section 4, it is useful to normalize all 
data with the measurements in the normal state. Fig. 12 shows the ratio 
of (A /A )/(T /T ) for the 4 films where the raw data of normalized absorp-
s η s η 
tion and transmission are shown in Figs. 13 and 14. Despite the fact that 
the 4 films have very different shapes in their absorption and transmission 
curves due to their different values for R , their normalized ratios look 
sq 
very much the same, almost free of interference wiggles and quantitatively 
like σ (ω). Using the data reduction procedure of section 2, i.e. using 
finite values of η and к for the substrate, one obtains the values of 
a./a as shown in Fig. 16. Note that again the measured points for all 4 
films, with their very different absorption, transmission and R values, 
sq 
lead within the experimental accuracy to the same values of σ . This proves 
the consistency of our data reduction scheme. Applying the iterative pro­
cedure as discussed in section 2, it is possible to get values for σ. shown 
in Fig. 17. Note again the selfconsistency of the procedure; due to the 
mathematical structure of the equations involved, the disturbing inter­
ference patterns show up in the determination of σ , contrary to the case 
of the σ . 
In Figs. 16 and 17 we have also shown theoretical calculations for the 
BCS BCS 
weak-coupling response functions σ and σ as calculated by Mattis and 
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Bardeen [ 40 ] . As is known from the theoretical work of Nam [ 26 ] , who cal-
sc sc 
culated σ and σ for Pb in the strong-coupling case, taking into account 
sc 
the energy dependence of the electron-phonon interaction, σ shows only 
BCS 
small energy dependent deviations from σ and no clear-cut conclusions 
about strong-coupling behaviour can be drawn from σ as shown in Fig. 16. 
BCS 
The experimental results are in good agreement with σ as calculated on 
the basis of the weak-couoling theory. The situation is analogous to the 
tunneling experiments [15,16 ] , where the explicit nature of the electron-
phonon interaction shows up only in small deviations from the BCS-tunneling 
density of states. However, due to a rather subtle sum rule argument [6,29 ] 
the situation is drastically different for the imaginary oart of the res­
ponse function (σ ), as has been shown by Nam [ 26 ] . The deviations of 
σ (ω) from σ (ω) are small and for almost all frequencies (certainly at 
sc BCS the high-frequency end) σ (ω) > σ (ω). Therefore, one has 
ƒ a^CS(U)diD < ƒ σ^0(ω)άω . (6.1) 
о о 
The Ferrell-Glover-Tinkham sum r u l e [43,44 ] s t a t e s , t h a t 
CD Ш 
ƒ σ du = c o n s t = ƒ [Αδ(ω) + σ (ω) ] dui ( 6 . 2 ) 
о о 
where the superfluid response at zero frequency is taken into account by 
the term Αδ(ω). Therefore, it follows from Eq. (6.1) that 
д
ВСЗ
 > Asc _ ( 6_ 3 ) 
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Fig. 18. Normalized absorption spectrum (A /A ) for 
s η 
mercury film Hg4, deposited on a wedge shaped substrate 
(1; R = 370Ω) together with a calculated curve (2) 
S 4
 , -, · J ^ · -^ , B C S • B C S 4 assuming a weak coupling conductivity (σ = σ - ισ ), 
and a calculated curve (3) assuming an ad hoc 'strong 
BCS BCS 
coupling' conductivity (σ = σ - bio ). In this cal­
culations, it is assumed that k = 0. 
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The point is that changes of only a few percent in σ over wide ranges of 
frequency (many times the gap frequency) have as a consequence considerable 
changes (of the order of a factor of 2) in the constant of the superfluid 
response. Through the Kramers-Kronig relation 
« σ (ω' )du) 
σ 2 ( ω ) = V / —2 2 ( 6· 4> 
ο ω' -α. 
this drastic change in A is linked to a drastic change m σ . Below the 
gap-frequency, one gets from the superfluid response and Eq. (6.4) 
2A 
σ,(ω) = — . (6.5) 
2 πω 
Therefore, despite the fact that the strong-coupling corrections in σ are 
small, drastic strong-coupling effects can be seen in σ . This Is illustra­
ted in Fig. 17 where the experimentally found values of σ are roughly a 
BCS sc BCS factor of 2 smaller than the values of σ , i.e. 2A = A .In this 
context it is worthwhile to note that Nam's [26 ] strong-coupling calcula­
tions predict that (at least in the case of Pb) a,/a would become larger 
1 η 
than 1 for certain higher frequencies. As the ratio (A /T )/(A /T ) is 
s s η η 
almost identical with σ./σ and problems caused by interferences diminish 
1 η 
at higher frequencies if a wedge-shaped substrate was used, we measured 
spectra up to 100 cm for some films. However, the ratio (A /T )/(A /T ) r
 s ε η η 
rises smoothly to 1 in the whole frequency region investigated (8-100 cm ) 
and no "overshoot" of a./a could be observed. 
1 η 
It is of some interest to apply the findings on σ and σ. directly to 
the measured absorption and transmission curves. In Fig. 1Θ the relative 
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Fig. 19. Normalized absorption spectrum (A /A ) for 
mercury film Hg4 , deposited on a wedge shaped substrate 
(1; R = 30Ω) together with a calculated curve (2) 
sq 
assuming a weak coupling conductivity (σ = σ - ισ ), 
and a calculated curve (3) assuming an ad hoc 'strong 
BCS coupling' conductivity (σ = σ 
calculations, it is assumed that к = 0. 
BCS hia ). In these 
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Fig. 20. Normalized transmission spectrum (T /T ) for 
s η 
mercury film Hg4, deposited on a wedge shaped substrate 
(1; R = 370Ώ) together with a calculated curve (2) 
sa 
assuming weak coupling conductivity (σ = σ - ίσ ), 
and a calculated curve (3) assuming an ad hoc 'strong 
coupling conductivity (σ = σ - ЧІ.О ) . In these 
calculations, it is assumed that к = 0. 
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Fig. 21. Normalized transmission spectrum (T /T ) for mercury 
film Hg4 , deposited on a wedge shaped substrate (1; R = 30Ω), 
together with a calculated curve (2) assuming weak coupling 
RC^ BOS 
conductivity (σ = σ - io ), and a calculated curve (3) 
BCS 
assuming an ad hoc 'strong coupling' conductivity (σ = σ 
BCS 
Ціо ). In these calculations, it is assumed that к = 0. 
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absorption A /A of film Hg 4 (with a high R ) on a wedge-shaped substrate 
is compared with theoretical calculations (assuming k=0 for simplicity). To 
illustrate the influence of the strong-coupling behaviour, the calculations 
BCS (following the formulas of section 2) have been carried out for σ and, 
due to the lack of theoretical strong-coupling results for Hg, an ad hoc 
.1 *. , ., j ^ ^ sc BCS 1 BCS , „ 
strong-coupling conductivity a , . = σ. - ι·—·σ_ is used. For this 
ad hoc 1 2 2 
high resistance film, where the absorption A in the superconducting state 
is always smaller than the absorption A in the normal state, no signifi-
BCs 
cant changes occur if the "strong-coupling" σ is used instead of σ . This 
is different for the case of a low resistance film, Hg 4, evaporated on 
the same wedge-shaped substrate. Here the absorption in the superconducting 
state (A ) can be bigger than the absorption in the normal state (A ) 
(Fig. 19). It is obvious that the strong-coupling correction gives now a 
much better fit with the experimental results. In the transmission data 
(Fig. 20 and Fig. 21) strong-coupling corrections are important in both 
sc 
cases, although in the low resistance situation σ , , somehow overshoots 
ad hoc 
the experimental results (Fig. 21). 
As an illustration, the same analysis has been applied to the film 
Hg 5 ,evaporated on a plane-parallel substrate. Fig. 11 shows the ratio 
A /T ; as this ratio is dependent on σ only, no corrections due to the 
strong-coupling behaviour can be seen. Note the presence of the interferen­
ce pattern in the experimental results (which should be absent m view of the 
analysis in section 2), indicating the non-normal incidence of the radia­
tion as discussed in section 2. Figs. 22 and 23 show a similar analysis 
for the absorption and transmission of this film, illustrating the dis­
turbing interference pattern due to the plane-parallel substrate. 
It is well known [ 28 ] that the interference pattern of a plane-
parallel substrate with a metal film on the rear side is shifted with res-
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Fig. 22. Ratio A /A for mercury film Hg5 (1 ; R = 30Ω), 
s η sq 
deposited on a plane parallel substrate. The curves are 
BCS 
calculated assuming weak coupling conductivity (2; σ = σ 
BCS 
ίσ ) and an ad hoc 'strong coupling' conductivity (3; σ = 
BCS , BCS 
σ - 'jio ) . In these calculations, it is assumed 
that к = 0. 
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Fig. 23. Ratio Τ /Τ for mercury film HgS (1; R = 30Ω), 
s η sq 
deposited on a plane parallel substrate. The curves are 
calculated assuming weak coupling conductivity (2; σ = 
HOS RfS 
σ - ισ ) and an ad hoc 'strong coupling' conductivity 
ВСЧ ROS 
(3; σ = σ - Ь ю ). In these calculations, it is 
assumed that к = 0. 
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pect to the interference pattern of a bare substrate with the same thick­
ness. T m s is due to the phase shift upon reflection at the substrate-
metal interface. For a metal of thickness d with a real conductivity 
σ = σ (σ = -) this phase shift equals π and this is illustrated in 
η η R d 
sq 
the calculations for R = 10 Ω (1) and R = 150 Ω (2) shown in Fig. 24. 
sq sq 
The phase shift is due to the fact that the metal film is optically more 
dense than the substrate. An interesting effect occurs If the transmission 
of the metal film goes to 1, because than there is a point where the 
transmission of the metal film exceeds the transmission of the substrate, 
and then the phase shift disappears. As an estimate for this effect we 
take a substrate with refraction index η and k=0. Neglecting interference 
effects the transmission of the bare substrate is given by [ 28 ] 
τ
 ь
- - ^ - . (6.6) 
S U b
 2n 2
 +
 2 
Taking a metal film with σ = σ , the transmission is 
η 
Τ , r- , with Ζ = μ с = 377 Ω . (6.7) 
m e t a l
 (Ζ /R + 2 ) 2 V a C 0 
vac sq 
er 
The critical square resistance R is obtained by demanding that 
Τ , = Τ , and this leads to 
sub metal 
(2 M Rcr = ( 2 / n L L ± _ !,-! . (6.e) 
Ξ 4 η 
er 
If we put η = 3.38 than R = 206 Ω, which corresponds with the experi­
mentally interesting region of 150 Ω - 170 Ω, where the calculations 
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Fig. 24. Frequency dependence of the transmission ratio's Τ /Τ , 
1 * n n 
where Τ is the normal state transmission of film Hg4 . The numbers 
η 
indicated in the figure correspond with the normal state transmission 
Τ of different films. 
n
 * * * 
1 : Hgl ; 2 : Hg3 ; 3 : Hg2 ; 4 : Hg2; 5 : Hg3; 6 : Hg4; 7 : Hgl. 
The curves clearly show a different behaviour for the annealed films 
* * * 
(Hgl , Hg2 , Hg3 ) in the upper part of the figure as compared with 
the non-annealed films (Hgl, Hg2, Hg3, Hg4) in the lower part of the 
figure. 
3
^ ^ ^ \ 
/ ' 
100 200 
RESISTANCE/sq ( Λ ) 
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Fig. 25. Phase shift of the interference pattern of a film on 
the rear side of a plane parallel substrate (as compared with a 
bare substrate), as a function of R (R 
sq sq 
1/(σ d) ). The 3 
η 
curves correspond with the following hypothetical conductivities : 
σ/α = 1 (1) ; σ/σ = a, 
η n i 
ВС S (2) ; and a/a = -i (3) 
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assuming = 1 , η = 3.38 and к = 0 show a jump in the phase shift (Fig. 
η 
24). This example is further illustrated in Fig. 25 where the phase shift 
is drawn as a function of the square resistance for 3 different model-
, ч ο , ^ σ BCS BCS , „, σ 
conductivities: 1) = 1; 2) — = σ. - ισ„ and 3) — = -ι. It is 
σ σ 1 2 σ 
η η η 
seen that if the conductivity has a non-vanishing complex part, the abrupt 
change in the phase shift becomes more gradual as a function of R 
sq 
The frequency dependence of the measured ratio A /A , together with 
our analysis of the electromagnetic properties allows a clear and well 
defined determination of the energy gap V (T) of Hg. The results are shown 
g 
in Table 1, together with the ratio of hv (o)/kT . In agreement with the 
g с 
findings of earlier work [ 15,17,19 ] , it is seen that this ratio consider­
ably exceeds the value of 3.5 expected for a weak-coupling BCS-supercon-
ductor. This is also an indication of the strong-coupling behaviour of the 
films studied in this experiment. In this context it should be mentioned 
that the results of our experiments rule out an absorption of Hg films 
below the gap frequency, a feature which was observed by earlier experi­
ments t 17-19 ] indicating that σ may be different from zero below the 
gap (see Fig. 16) [ 20 ] . 
It is found that for most films the energy gap measured by our far-
infrared experiments (v (o) = 14.5 •¥_ . 2 cm ) are consistently higher than 
the gap value of ν (о) = 13.5 + 0.1 cm found by Hubin and Ginsberg [ 15 ] 
g — 
from tunneling experiments. As, in addition, most of the values for the 
critical temperature (Table 1) lie below the value of Τ = 4.19 К, the 
critical temperature of a-Hg [ 42 ] , one might be tempted to suggest that 
we are probably dealing with ß-Hg in most cases. This would explain the 
difference in our value of fici) (o)/kT - 5.3 as compared with the value of 
g с 
Richards and Tmkham of hv (o)/kT = 4.6, indicating an even larger devia-
g с 
tion from the BCS behaviour for ß-Hg than for a-Hg. Our film Hg 5 was 120 
ω 
Φ 
® 
0.00 10.00 20.00 3000 40 00 
wavenumber (cm-1) 
Fig. 26. Calculated frequency dependence of the absorption for metal 
films with conductivities σ = σ (σ = 1/(R d) ), deposited on a 
η η sq 
plane parallel substrate (using η = 3.38 and к = 0), for different 
values of R . 1 : R = 150Ω; 2 : R = ΙΟΩ; 3 : 
sq sq sq 
the sudden phase jump between R = 150Ω and R 
sq sq 
sq 
170Ω. Note 
170Ω (curves 2 and 3) 
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probably gone into the α-phase as its properties correspond with the pro­
perties measured on a-Hg. 
6.2 Properties of evaporated Hg films 
The properties of evaporated Hg films have attracted a considerable 
interest in the past [ 9-16,27 ] . Therefore we would like to discuss some 
of the more puzzling features we have encountered. 
In order to study the interference pattern of the normal films with 
1 2 
each other, we have studied the ratio Τ /τ , where 1 and 2 are different 
η η 
films (or one and the same film in different annealing states), as a func­
tion of frequency (Fig. 26). It is found that if this ratio is taken for 
two annealed or for two non-annealed films, the result is more or less 
smooth and constant. However, if this ratio is taken for an annealed and 
non-annealed film, typical interference wiggles show up. This behaviour is 
most probably not due to the phase jump as discussed in section 6.1 because 
the resistance per square of the films discussed in this context are below 
cr (except Hg 4) the value of R where a phase jump occurs. Therefore one 
might suggest that this feature is related to the existence of a thin 
layer with a highly different conductivity (possibly non-conducting) in 
the case of the non-annealed films. We believe to have more indications 
for the existence of such a layer. 
As is shown m Table 1, the values for the penetration depth λ are 
found to be somewhat larger for the non-annealed films than for the an­
nealed ones. In addition, our absolute values of λ are in general higher 
than those found by Khukareva [ 10 ] , but this may be due to the fact that 
we use thinner films where the intrinsic conductivity already starts to 
deviate from the bulk value for thick films (d < d
 t = 130 A, [ 11 ] ). 
crit 
However, upon annealing the change in λ is found to be much smaller than 
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would be expected if the formula λ = (c/(3.06 ті))(2 (кТ σ))^ [9 ] applies. 
Using this equation one would expect a reduction in λ by a factor of al­
most 4 for the thinnest films whereas we only observe a maximum change of 
1.7. This finding is consistent with the assumption that the freshly de­
posited Hg films consist partly of an insulating layer which causes the 
change in the conductivity σ to be much less than would be concluded from 
the measured change in resistance. 
The measured values for the critical temperature lie all below the 
value of Τ = 4.19 К of α-Hg. An enormous change ir resistance was seen 
during annealing, in agreement with earlier work [ 10-14,27 ] . In addition, 
it was noted that, daring the evaporation process, it took an unexpected 
long time before the Hg films become conducting, in agreement with the 
findings of Tsymbalenko and Shalnikov [11 ] who noted that freshly depo­
sited Hg films remained non-conducting until a thickness of about 22 atomic 
layers ('ь 60 A) was formed; this critical thickness is about an order of 
magnitude larger than it is for most other metals under similar evapora­
tion conditions. And finally we observed a sudden increase of the tempe­
rature of the film, as measured by the bolometer attached to the substrate, 
]ust before the film became conducting and long after the evaporation 
process was started. 
All these observations could be explained tentatively in the following 
way. It is assumed that the freshly deposited Hg films consist of a non-
or badly-conducting layer (with a thickness Í < 60 A) on top of which 
ß-Hg is formed. Upon annealing, this non-conducting layer transforms into 
ß-Hg. This would explain the enormous drop in the resistance apon annealing, 
as observed for films with a thickness ]ust above Л = 60 A, and the assump­
tion of ß-Hg is consistent with the low critical temperatures observed. If 
the annealing is done at sufficient high temperatures (i 80 K) the ß-Hg 
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converts into α-Hg which explains the rise in critical temperature often 
observed after annealing [ 10-14 ] . Highly speculatively, the existence of 
the "non-conducting mercury" might oe related to the "almost-noble-gas" 
electron configuration of the Hg atoms; there should be only a small energy 
difference between the non-conducting and the metallic phase. The sudden 
increase in temperature before the filrr becomes conducting could be ex­
plained by the fact that on top of the non-conducting layer a phase 
transition takes place to tne 3-phase where some of the higher energy, 
relative to the metallic state, is released which causes tne temperature 
increase. 
It should be noted that in our experiments only a small change in the 
critical temperature after annealing of the film was observed. It was 
noted by Schirber and Swenson [ 9 ] that only above 79 К the α-Hg phase is 
the stable configuration while below this temperature the ß-phase is more 
stable. As in our experiments the annealing temperature was ill defined, 
we believe that the transformation from the β- to the a-phase did not or 
did only partly occur in our case, except for the film denoted by Hg 5 . 
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SUMMARY 
This thesis describes and discusses experiments on the far infrared 
properties of two different solids at low temperature : MgO crystals doped 
2+ 
with chromium, part of which has a double valency CCr ), and mercury films. 
2+ 
The low lying energy levels of Cr -ions are studied in a frequency 
region which is normally not encountered in paramagnetic resonance. This is 
made possible by the construction of a source for the frequency region of 
ν = 1-25 cm . Hereby the well known technique of harmonic generation is 
used, and the merits of this kind of source, rarely used in solid state 
physics, are briefly discussed. By using this source, the low lying energy 
levels of Cr in the region 1-20 cm could be obtained, employing a tech­
nique similar to electron spin resonance. The results obtained are analysed 
and discussed in terms of existing theory, part of which is summarized in 
this thesis. 
Mercury and mercury films exhibit unusual features in their supercon­
ducting properties. In this thesis, the far infrared properties and some 
thermodynamic properties of freshly quench-evaporated as well as annealed 
mercury films are examined. It turns out that the freshly evaporated mercury 
films consist of S-mercury, which, surprisingly, has a larger gap (14.5 +_ 
0.2 cm ) than α-mercury (13.4 + 0.1 cm ), although Τ is somewhat lower. 
— с 
The far infrared data are further analysed using the results of elementary 
electrodynamics for a two layer system. Although the high refractive index 
of the substrate makes the analysis rather difficult, there is a strong 
indication that strong coupling effects play an important role in the 
far infrared conductivity of mercury films. 
129 

SAMENVATTING 
Dit proefschrift behandelt experimenten ter bepaling van de ver 
infrarood eigenschappen van twee verschillende vaste stoffen bij lage 
temperaturen, te weten : MgO kristallen gedoped met (voor een deel) twee-
2+ 
waardig chroom (Cr ) en dunne kwik films. 
2+ 
De laag-liggende energie niveau's van de Cr ionen worden bestudeerd 
in een frekwentie gebied dat normaal gesproken niet wordt gebruikt in 
paramagnetiese resonantie experimenten. Dit wordt mogelijk gemaakt door 
de konstruktie van een stralingsbron voor het frekwentie gebied van ν = 
1-25 cm . Hierbij wordt de sinds lang bekende techniek van harmoniese 
generatie gebruikt en het belang en de verdiensten van zo'η stralingsbron 
worden in het kort besproken. Met behulp van deze stralingsbron is het 
2+ 
mogelijk gebleken de ligging van de laagste energie niveau's van het Cr 
ion te bepalen in het gebied van 1-20 cm , met gebruikmaking van een tech­
niek verwant aan electron spin resonantie. De verkregen resultaten worden 
geanalyseerd en besproken aan de hand van bestaande theorie, waarvan een 
deel is samengevat in dit proefschrift. 
De supergeleidende verschijnselen van kwik en kwik films vertonen 
ongewone eigenschappen. In dit proefschrift worden de ver infrarood eigen­
schappen en sommige thermodynamiese eigenschappen van verse quench-gekonden-
seerde alsook annealde kwik films bestudeerd. Het blijkt dat vers opgedampte 
kwik films bestaan uit ß-kwik, wat, alhoewel de kritiese temperatuur Τ 
lager is dan van α-kwik, toch een grotere gap waarde heeft (14.5 + 0.2 cm 
tegen 13.4 jf 0.1 cm ) . De ver infrarood metingen worden geanalyseerd met 
gebruikmaking van de resultaten verkregen uit enige elementaire elektrody­
namica van een twee-lagen konfiguratie. Alhoewel de grote brekingsindex van 
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het substraat de analyse enigszins bemoeilijkt is er toch een sterke indi-
catie, dat 'strong coupling' effekten een belangrijke rol spelen in het 
ver infrarood geleidingsvermogen van supergeleidende kwik films. 
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ÇURBï5yîf™_YÎÎ!AE 
De au1:eur van dit proefschrift is geboren op 12 mei 1950 in het 
dorp Drunen (N.Br.). Na, zoals gebruikelijk is, de lagere school 
te hebben doorlopen werd van 1963 t/m 1967 het Dr. Möller-college 
te Waalwijk bezocht en in 1967 werd daar met goed gevolg het eind-
examen HBS-B afgelegd. Hierna werd een studie in de Wis- en Natuur-
kunde begonnen aan de Katholieke Universiteit te Nijmegen. Achter-
eenvolgens werd in 1971 het kandidaatsexamen en in 1973 het 
doctoraalexamen behaald met als hoofdvak experimentele natuurkunde. 
De gelegenheid werd hem geboden om hierna een promotie-onderzoek te 
verrichten in de werkgroep Experimentele Natuurkunde 4 onder leiding 
van Prof. P. Wyder. Dit promotie-onderzoek heeft geduurd tot 1979, 
en de voornaamste resultaten ervan zijn weergegeven in dit proef-
schrift. 
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S T E L L I N G E N 
I 
Bij de reaktie tussen PbO en RhjOa in lucht hebben Shaplygin en Lazarev 
zich niet gerealiseerd dat er oxydatie plaatsvindt. 
I.S. Shaplygin and V.B. Lazarev. Ru ss. J. Inorg. Chem. 18 (1973) 275. 
A.H. Boonstra and C.A.H.A. Mutsaers, Thin Solid Films, 51 (1978) 287. 
Il 
Uit metingen van de fotogeleiding en de absorptiecoëfficiënt ten gevolge van 
cyclotronresonantie in zuivere halfgeleiders bij hoge magneetvelden kan de 
levensduur van elektronen in hogere Landau niveaus bepaald worden. Deze 
methode kan bij materialen met een parabolische band worden gebruikt om 
de overgang van energierelaxatie d.m.v. acoustische fononen ( IO8 s) naar die 
d.m.v. optische fononen (10"12 s) direkt te bepalen m.b.v. metingen als funk-
tie van het ingestraalde F.I.R. vermogen. 
Ill 
De temperatuur- en magneetveldafhankelijkheid van de transportmobiliteit 
van elektronen in de afzonderlijke Landau niveaus kan in zuivere halfgeleiders 
worden bepaald uit de verandering van de Hall spanning en de weerstand 
onder de invloed van cyclotronresonantie bij zeer hoge magneetvelden. 
J.C. Maan, Thesis, Nijmegen 1979 
IV 
Vanuit wetenschappelijk en technologisch standpunt bezien is een experi-
menteel onderzoek m.b.v. fonon-puls technieken naar de transporteigen-
schappen van excitaties van G a As halfgeleider materiaal van belang. 
V. Narayanamurti, R.A. Logan and M.A. Chin, Phys. Rev. Lett. 90 (1978) 63. 
ν 
Een Fabry-Perot interferometer waarvan de spiegels gevormd worden door 
supergeleidende fi lms biedt onder bepaalde omstandigheden de mogelijkheid 
om de eigenschappen van deze supergeleidende fi lms nauwkeurig te bestude­
ren. 
VI 
Het streven naar winst, als doel op zich, is niet sociaal. 
V I I 
De onderwerpen waarop stellingen bij een proefschrift betrekking hebben 
zeggen vaak meer over de kennis van collegae op de betreffende vakgebieden, 
dan over de kennis van de promovendus op deze vakgebieden. 
V I I I 
Een toename van het intensiteitsverschil in de verlichting van auto's en die 
van de overige verkeersdeelnemers verlaagt de verkeersveiligheid van de 
laatsten. 
IX 
Wanneer er in zekere paranormale verschijnselen een grond van waarheid zit 
moeten er omstandigheden voorkomen waarbij de fundamentele wetten van 
de fysica, zoals wi j die nu kennen, hun geldigheid verliezen. 
C.G.C.M, de Kort Nijmegen, 13 december 1979 


